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i.  Growth  and  characterization  of  high  quality  HgCdTe 


Table  I  and  Table  II  illustrate  the  best  results  obtained  for  MBE  grown  n-  and 
p-type  layers  in  terms  of  carrier  concentration  and  electron  or  hole  mobilities. 

Most  of  these  layers  have  been  grown  after  the  starting  date  of  the  current 
contract.  An  update  of  these  data  will  be  given  when  appropriate  In  order  to 
follow  the  progress  that  the  group  is  making  during  the  contract.  It  is  important 
to  point  out  that  even  if  these  results  are  the  best  ever  obtained  in  the  laboratory 
they  are  representative  of  our  level  of  control  concerning  the  growth.  Numerous 
layers  with  the  same  composition  exhibit  very  similar  results. 

A  new  Hg  cell,  which  is  a  prototype  built  by  ISA  -  Riber  is  currently  tested  In 
the  laboratory.  This  cell  that  we  have  conceived  gives  a  very  stable  Hg  flux 
during  hours  of  growth.  In  table  I  and  II  it  can  be  seen  that  thick  layers  can  be 
grown  using  this  cell  (Sample  #  131-318,  2-310,  19405  for  example) 

Electron  mobilities  are  above  1x10*  cm2Vls“l  what  is  expected  for  a  high 
quality  HgCdTe  material  with  x  of  about  0.20. 

Hole  mobilities  are  very  good  in  the  20%  composition  and  excellent  for  layers 
grown  on  CdTeSe  substrate  (ph=840  cm’V-1s_1  for  x=0.31). 

From  our  result  it  seems  premature  to  draw  a  conclusion  regarding  the  choice 
of  the  substrate.  Electron  or  hole  mobilities  are  very  similar  whatever  the  substrate 
used  to  grow  HgCdTe. 

Table  III  presents  a  comparison  between  (111)B  and  (100)  orientation.  Once 
again,  the  highest  values  obtained  for  electron  mobilities  are  identical  for  both 
orientation.  However,  due  to  the  twinning  problem  frequently  observed  in  the 
(111)B,  electron  mobilities  are  in  average  lower  for  this  orientation  but,  on  the 
other  hand,  we  have  demonstrated  that  the  (100)  orientation  required  more  mercury 
than  the  (1 1 1)B  orientation. 

Most  of  the  layers  reported  in  these  tables  have  a  carrier  concentration  Na-N<j 
or  N^-Na  in  the  mid  or  low  10l*cm“*  range  below  77K. 

It  should  be  noted  that  both  mobility  and  carrier  concentration  values  are 
suitable  for  IR  device  application. 


ELECTRICAL  CHARACTERISTICS  OF  HflCdTe  MBE  P-TYPE  LAYERS  GROWN  BETWEEN  185-195»C. 
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IMPORTANT:  No  HgTe  layer  at  the  Interface 


ELECTRICAL  CHARACTERISTICS  OF  HgCdTe  MBE  N-TYPE  LAYERS  OROWN  BETWEEN  180-190*C 


II. 
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MBE  growth  and  Characterization  of  two-inch  diameter  p-type  Hg-|_xCdxTe 
films  on  GaAs  (100)  substrate. 

As  the  Molecular  Beam  Epitaxial  (MBE)  growth  technique  has  continued  to 
improve  for  Hg-|_xCdxTe  films,  the  prospects  for  films  of  larger  area  have  begun 
to  be  explored.  These  larger  area  films  are  important  for  imaging  arrays  and  will 
be  especially  vital  in  the  future  for  the  efficient  production  of  Hg-j_xCdxTe 
material.  The  growth  by  MBE  of  uniform  Hg1-xCdxTe  epilayer  on  a  large  substrate 
is  very  difficult  to  achieve  because  of  the  non-uniform  distribution  of  the  fluxes 
and  on  the  non-uniform  temperature  of  the  substrate. 

But  above  all,  the  main  problem  is  due  to  the  exponential  change  of  the  Hg 

condensation  coefficient  with  temperature.  We  have  shown  that  for  a  given  Hg 

flux,  a  high  quality  monocrystaliine  Hg^Cc^Te  film  can  be  grown  In  the  (1 1 1  )B 

orientation  within  a  narrow  substrate  temperature  range  (T  -T  ,  )  of  about  10- 

max  min' 

15°C  if  the  substrate  temperature  (Ts)  is  in  the  180-190°C  temperature  range. 

When  Ts  is  lower  than  Tmln  the  Hg  in  excess  desorbs  but  twins,  detrimental  for 

the  electrical  performance,  are  observed.  When  Ts  Is  above  Tmax  two  possibilities 

exist.  If  Ts  is  below  190°C  the  Te  in  excess  leads  to  a  polycrystalline  material. 

|f  Ts  is  above  195°C  the  excess  of  Te  is  reevaporated  and  the  film  still  grows 
monocrystalline,  but  an  increase  in  the  x-value  of  about  1.5  to  2%  for  each  l°C 
increase  in  the  substrate  temperature  is  observed  along  with  a  large  change  in  the 
growth  rate. 

It  is  important  to  recall  that  a  change  In  Ax  of  only  ±0.001  is  the  objective 

suitable  to  reach  for  infrared  photovoltaic  detectors  operating  with  a  cutoff 

wavelength  of  10pm  at  77K.  It  is  obvious  that  such  a  requirement  cannot  be 

achieved  if  part  of  the  substrate  is  above  T  Now  if  the  substrate  temperature 

max 

is  between  Tmax  and  Tm(n  (incidentally  Tmax  and  Tmjn  values  are  changing  over 
the  substrate  since  the  Hg  flux  distribution  is  not  constant)  the  epilayers  will  still 
experience  a  change  in  the  doping  level  and  even  in  the  conduction  type. 

To  minimize  these  temperature  variations  the  rotation  of  the  substrate  during 
the  growth  can  help  but  a  precise  temperature  measurement  of  the  substrate  by  a 
thermocouple  is  hindered.  In  order  to  have  an  adequate  control  of  the  temperature 
during  the  growth  which  can  also  give  reproducible  results  an  infrared  pyrometer 
has  been  used. 
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The  combination  of  flux  distribution  and  substrate  temperature  variation  makes 
the  growth  by  MBE  of  a  large,  high  quality  and  uniform  Hg^CdxTe  film  to  be  a 
real  challenge. 

The  film  presented  here  was  grown  in  the  (1 1 1  )B  orientation.  The  film  exhibits 
a  uniform  mirror-like  surface.  In  order  to  ascertain  the  uniformity  of  this  Hg1  CdxTe 
films  over  its  two-inch  diameter  surface  area,  infrared  transmission  and  Van  der 
Pauw  D.C.  Hall  measurements  were  performed  at  several  positions.  The  infrared 
transmission  spectra  were  measured  at  room  temperature.  The  cutoff  wavelengths 
were  in  the  6  to  8  pm  region.  The  cutoff  wavelength  is  defined  as  that  for 
which  the  absorption  coefficient  a  is  equal  to  500  cm"1,  where  the  formula  for 
the  absorption  coefficient  is  o»  =  -in  (transmittance)/thlckness.  From  the  measured 
cutoff  wavelengths  for  each  position  on  the  two-inch  diameter  Hg^Cd^e  films, 
the  Cd  concentrations  (x)  were  calculated  using  Hansen  et  al.’s  relation^7).  Also, 
from  the  interference  spacing  in  the  infrared  transmission  spectrum  the  thicknesses 
at  these  positions  on  the  film  were  determined. 

For  the  p-type  film  reported  here  the  uniformity  of  the  x-value  proved  to  be 
excellent,  as  illustrated  In  figure  1.  The  average  value  of  x  (denoted  by  ’x)  was 
0.22,  while  the  standard  deviation  Ax  =  [I(x-x)*/n-1]l/a  was  0.0015,  giving  as  a 
measure  of  the  composition  uniformity  Ax/x>0.7%.  This  is  an  excellent  result 
since  the  goal  required  for  IR  detectors  in  terms  of  composition  uniformity  is 
almost  achieved  on  this  two-inch  diameter  Hg1  ^Cd^Te  film.  This  film  Is  entirely 
p-type.  Carrier  concentrations  (Ng-Ng)  and  Hall  mobilities  are  reported  in  Table 
1.  Ng-Njj  increased  by  a  factor  of  two  from  2.6x1 01*  cm“*  at  the  edge  of  the 
film,  while  ph  increased  from  5.7x10*  cm*V_ls_l  at  the  center  to  6.2x10*  cm*V“ls_x 
at  the  edge. 

These  variations  are  supposed  to  be  due  to  a  non  uniform  flux  distribution  and 
a  non  uniform  substrate  temperature.  A  ATS  of  about  5°C  has  been  measured  over 
2  inches. 

This  result  represents  an  Important  achievement  for  the  future  of  IR  detectors. 
As  an  important  comparison  this  result  is  as  good  as  those  reported  for  OMCVD 
HgCdTe  films  grown  on  a  surface  area  of  only  [x]cma. 


(111)B  grown  on  2*  GlAt(100>-Stmpl#  #583453 
Tj  •  199  *C 


Thickntit  -5.4  pm 


X-  cut-off  wivdongth  in  jjm  it  300K 


A-  6.78  pm 
AXSq  -  0.08  pm 


¥29  . 

2 


*  -  0.22 


Ax 


SO 


'Z(x-S)2 
n~  "  °-0018 


0.7  % 
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Table  I  -  Hall  measurements  at  B  =*  0.2  Tesla  for  two-inch  diameter  Hg1  ^Cd^Tefl  1 1) 
film  grown  at  190°C  on  CdTe(lll)/GaAs(lOO)  substrate. 

Sample  #5634S3.x-0,  y  =  0  is  at  the  center  of  the  sample. 


X 

(mm) 

y 

(mm) 

Cond. 

Type 

300K 

*d-Na 

(cm-*) 

mh  t 

(cm*V-*s  ) 

T(K) 

when 

RH=0 

Cond. 

Type 

40  K 

N8-Nh 

(cm-*) 

PH  i 

(cm  V  s  ) 

0 

0 

n 

2.1x10** 

6.4x10* 

90 

P 

3.6x10** 

5.7x10* 

4 

0 

n 

2.0x10** 

5.0x10* 

90 

P 

3.0x10** 

5.2x10* 

7 

0 

n 

2.1x10** 

6.3X10* 

90 

P 

4.7X10** 

5.5x10* 

11 

0 

n 

1.9x10** 

6.2x10* 

90 

P 

5.1x10** 

5.7X10* 

15 

0 

n 

1.9x10** 

6.8x10* 

90 

P 

5.6x10** 

6.5X10* 

18 

0 

n 

1.8x10** 

6.8x10* 

90 

P 

7.2X10** 

6.2X10* 

0 

7 

n 

1.9x10** 

6.6x10* 

90 

P 

4.9X10** 

6.0x10* 

0 

15 

n 

1.8X10** 

6.8x10* 

90 

P 

6.1x10** 

6.7x10* 

III.  Doping 


N-Type 

We  have  shown  in  the  previous  DARPA  contract  (MDA  903-83K-0251)  that  indium 
can  be  incorporated  as  an  active  Impurity  with  a  high  electrical  efficiency  in 
HgCdTe  layers  during  the  MBE  growth. 

Indium  is  a  very  good  n-type  dopant: 

(f)  it  has  a  high  electrical  efficiency  (70  to  100%)  and  that  without  any 
activation  (see  fig.  1); 

(2)  high  doping  levels  up  to  lO^cm”1  have  been  reached; 

(3)  high  electron  mobility  of  1x10*cmaV'“*s-1  have  been  observed  for  doping 
level  of  2xl01*cm-*; 

(4)  abrupt  junctions  can  be  grown  (see  fig.  1). 

But  indium  presents  a  serious  problem.  Memory  effect  has  been  observed  which 
means  that  some  residual  indium  (10l<  -  10ucm~*  range)  is  found  in  epilayers 
grown  after  In-doped  epilayers  have  been  grown.  This  effect  is  supposed  to  be 
due  to  indium-tellurium  chemical  reaction(s)  taking  place  in  different  parts  of  the 
MBE  chamber.  The  compound(s)  can  later  be  reevaporated  and  dissociated  if  they 
are  hetied.  Te,  In  and  CdTe  effusion  cells  have  been  found  to  be  the  sources  of 
contamination  along  with  the  wails  surrounding  the  effusion  cells  and  the  substrate 
heater. 

This  problem  has  been  worked  out  for  months  but  no  satisfactory  solution  has 
been  found,  therefore  another  n-type  dopant  has  to  be  investigated. 

P-type 

Arsenic  and  Antimony 

Group  V  elements  can  be  incorporated  into  HgCdTe  as  acceptors  in  substitution 
of  non-metal  lattice  sites  using  the  liquid  phase  epitaxy.  However,  group  V 
elements  have  not  been  successfully  Incorporated  into  MBE  grown  HgCdTe  layer  as 
acceptors.  Both  Sb  and  As  have  been  tried  and  they  behave  as  n-type  dopants  as 


■  I  v  Li 
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illustrated  in  Table  IV  and  Table  V. 

A  cracker  cell  has  been  used  for  As  and  Sb  which  means  that  the  flux  was 
constituted  by  AS4  +  As2  molecules  or  by  Sb4  +  Sb2  molecules. 

Some  of  the  As  doped  HoCdTe  layers  were  annealed  using  the  close  tube  method. 
For  these  annealing  a  drop  of  Hg  was  used  to  control  the  Hg  pressure  and  the  Hg 
temperature  was  kept  higher  than  the  sample  temperature.  Table  IV  shows  the 
electrical  measurements  of  two  As  doped  HgCdTe  layers  before  and  after  annealing. 

The  annealing  increases  the  As  electrical  activity  as  a  donor,  and  not  as  an 
acceptor,  by  a  factor  of  4  to  5. 

Sample  #508331  and  511334  which  have  been  grown  with  the  same  As  cell 
temperature  have  about  the  same  SIMS  counts.  But  sample  #511334  has  a  higher 
carrier  concentration  (factor  2  to  3)  both  before  and  after  annealing.  Sample  #511334 
was  exposed  to  UV  light  while  growing  and  not  sample  #508331. 

Thus  it  appears  that  when  exposed  to  UV  light  the  electrical  activity  of  As  in 
HgCdTe  Increases  as  a  n-type  dopant. 

This  is  not  completely  surprising  if  we  consider  that  As  Is  incorporated  as  a  n- 
type  dopant  because  As-Te  bonds  are  established  in  preference  to  As-Hg  or 
As-Cd.  UV  light  is  supposed  to  break  Te2  molecule  (E~3eV)  making  Te  even  more 
reactive  with  As. 

These  experiments  do  not  conclude  that  As  or  Sb  cannot  be  incorporated  as  p- 
type  dopants  in  MBE  grown  layers.  SIMS  analysis  shows  that  only  a  few  percent 
of  As  or  Sb  are  electrically  active.  In  fact,  if  one  considers  the  heat  of  formation 
AHj  of  some  tellurldes  it  appears  that  AHf  for  Sb2Te  is  equal  to  -4.5  kcal/mole, 
less  than  AHf  of  HgTe  (-7.6  kcal/mole).  No  data  have  been  found  for  As2Te  but 
AHf  should  not  be  very  different.  This  means  that  Sb2Te  and  As2Te  are  more 
unstable  than  HgTe  itself.  It  is  unclear  yet  how  As  or  Sb  are  acting  as  donors 
incorporated  In  Hg  vacancies  or  in  interstitial  sites.  But  it  seems  very  likely  that 
they  could  be  incorporated  as  acceptors.  A  higher  Hg  flux,  light,  electron  or  ion 
beams  have  to  be  investigated. 


As-doped  HgCdTe  (1 1 1  )B  MBE  layers 


After 

as-grown  annealing 


Sample 

X 

TAs  cell(c) 

thall<k> 

cc(cm-*) 

cc 

PH 

133  329 

0.22 

230 

77 

n-2.5x10u 

7.0x10* 

8  326 

0.22 

0 

30 

p-1.8x10l* 

600 

508  331 

0.28 

250 

77 

n-2.5x10** 

5.0x10* 

n-1.5x10l* 

4.3x1 0" 

511  334 

0.29 

250 

77 

n-8.0x10l* 

4.5x10* 

n-3.8x10l* 

2.3X10- 

(UV  light) 

509  332 

0.29 

0 

30 

p-3.0x10l" 

260 

j*. 


*1*2" 
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Lithium 

It  has  been  shown  that  under  regular  MBE  growth  conditions  As  and  Sb 
are  incorporated  as  donors  In  HgCdTe.  Therefore  in  order  to  obtain  p-type 
HgCdTe  layers  incorporation  of  a  Group  I  element  was  studied. 

Lithium  was  the  first  element  investigated.  It  is  found  that  Li  is  indeed 
incorporated  as  an  acceptor.  Acceptor  concentrations  as  high  as  8x10*cm~*  have 
been  achieved.  An  incorporation  coefficient  of  Li  close  to  one  and  almost  a  100% 
electrical  efficiency  for  Li  were  observed  In  Li-doped  HQi-xCdxTe  epilayers  grown 
by  MBE  without  any  external  activation.  However,  Li  is  found  to  diffuse  rapidly 
in  MBE  HgCdTe  grown  layers. 

For  more  detail  see  the  attached  paper  entitled  ‘Electrical  Properties  of 
Li  Doped  Hg1_xCdxTe(l00)  by  Molecular  Beam  Epitaxy*  which  will  appear  in 
Applied  Physics  Letters  in  December  1987. 

IV.  Hg1_xCdxTe/Hg._yCdyTe  Heterojunctions  Grown  in  Situ  by  MBE 

Isotype  n-N  abrupt  heterojunctions  where  grown  in  situ  by  MBE  on  CdTe(- 
lll)//GaAs(lOO)  combination  substrates.  The  first  devices  tested  had  x  *  .18  on 
the  bottom  and  x  -  .26  on  the  top.  All  the  electrical  and  optical  characteriza¬ 
tions  were  consistent  with  the  presence  of  narrow  and  strong  composition  burst 
right  at  the  interface.  The  RqA  was  limited  by  the  wlde-gap  side  (see  attached 
publication  entitled  ‘Mercury  Cadmium  Telluride  n-lsotype  Heterojunctions 

Grown  In  Situ  by  Molecular  Beam  Epitaxy.' 

The  later  devices  grown  with  care  to  avoid  the  problem  had  drastically 
different  behavior.  The  compositions  where  slightly  higher  on  both  sides:  x  = 
.22  for  the  bottom  and  .28  for  the  top.  Strong  rectification  was  seen  with 
quality  factors  varying  from  2  at  high  temperatures  to  2.5  at  80K  (fig.  2).  The 
forward  bias  occurred  when  the  top  material  was  biased  negatively.  One  device 

had  an  RqA  as  high  as  10H  Qcma  at  80K,  but  this  value  was  only  seen  once.  In 

the  average  It  typically  reaches  10*  at  80K  (fig.  3).  The  activation  energy  of 

ls/T*  varies  from  .leV  at  high  temperature  to  06eV  at  80K  (fig.  4).  the  spectral 
response  shows  a  maximum  at  8pm  wavelength,  without  sharp  peak  at  short 
wavelength  as  before  (fig.  5).  The  capacitance  measurements  are  unreliable 
since  the  top  material  thickness  was  as  small  as  .5pm,  and  the  top  contact  is 
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suspected  to  have  a  smaller  area  than  expected.  A  low  current  density  lO~sA/cmJ 
can  blow  the  devices  opened.  These  measurements  are  consistent  with  a  Schottky 
type  behavior  at  the  heterojunction,  most  of  the  depletion  occurring  in  the  wide 
bandgap  material,  which  is  limiting  the  RqA.  Thermionic  emission  is  not  the 
only  process  involved  in  the  transport  since  the  quality  factor  is  higher  than  2. 
This  renders  the  barrier  height  determination  unreliable,  even  if  it  seems  consistent 
with  the  expected  bandgap  difference  between  the  two  sides. 
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V.  HgTe-CdTe  Superlattices:  Hg  incorporation  in  CdTe  layers  during  MBE  growth 


It  was  shown  in  1982  that  HgTe-CdTe  superlattices  (SLs)  could  be  grown  by 
MBE.  But  due  to  the  noncongruent  evaporation  of  Hg  from  HgTe,  the  Hg  flux 
must  be  maintained  even  during  the  growth  of  the  CdTe  layers.  This  means 
that  some  Hg  is  incorporated  in  the  CdTe  during  Its  growth.  There  are  two 
important  questions  that  arise.  First,  how  will  this  Hg  incorporation  affect  the 
bandgap  of  the  SL.  Second,  how  much  Hg  is  in  the  CdTe. 

We  determine  the  period  of  the  SL  by  the  position  of  the  X-ray  satellite 
peaks.  The  average  Hg  composition  in  the  SL  is  then  measured  by  EDS.  The 
period  and  the  average  Hg  composition  are  then  used  to  compute  the  individual 
layer  thicknesses  if  the  percentage  of  Hg  in  the  CdTe  is  known.  Using  this 
method,  for  the  same  period  and  average  Hg  composition,  as  the  amount  of  Hg 
in  the  CdTe  Increases  several  things  will  occur.  First,  the  thickness  of  the  HgTe 
layers  will  decrease.  This  will  tend  to  increase  the  bandgap.  Second,  the  CdTe 
will  become  HgxCd1_xTe  with  a  smaller  bandgap.  This  decrease  in  the  barrier 
height  will  tend  to  decrease  the  SL  bandgap.  Finally,  the  width  of  the  Hg^d,. 
xTe  will  increase.  This  will  have  a  small  tendency  to  Increase  the  bandgap.  The 
total  effect  on  the  SL  bandgap  of  all  these  changes  would  be  small. 

We  have  grown,  with  a  Hg  flux,  thick  layers  of  CdTe  under  the  same  conditions 
as  in  our  SLs  [190  to  200°C  on  (111 )BJ.  The  amount  of  Hg  measured  in  the  layer 
by  EDS  was  less  than  5%.  On  a  series  of  thin  CdTe  (1li)B  layers  grown  under 
a  Hg  flux  the  amount  of  Hg  was  carefully  measured  by  XPS.  This  is  done  using 
both  the  ratio  of  the  peak  areas  and  the  difference  in  energy  between  the  core 
level  and  valence  band  maximum.  For  the  growth  conditions  that  we  actually  use 
in  our  SLs,  these  results  agree  with  those  obtained  for  the  thick  layers.  The 
Hg  incorporation  varies,  up  to  9%,  depending  on  the  growth  conditions.  This  should 
only  slightly  affect  the  characteristics  of  the  HgTe-CdTe  SLs  and  other  micr¬ 
ostructures,  such  as  single  and  double  barrier  tunneling  structures. 

These  results  indicate  that  some  Hg  is  incorporated*  in  the  CdTe  but  that 
under  our  normal  conditions  this  amount  is  small.  The  Hg  incorporation  Is  crystal 
orientation  dependent.  For  the  (100)  surfaces,  about  15%  Hg  are  observed  for 
growth  conditions  Identical  to  those  used  for  the  (ill). 

For  more  Information  see  the  attached  paper  accepted  for  publication  In 
Applied  Physics  Letters  (Nov.  1987)  entitled  'Hg  Incorporation  in  CdTe  During  the 


Growth  of  HgTe-CdTe  Superlattices  by  Molecular  Beam  Epitaxy.* 


VI.  A  review  paper  on  Hg-based,  microstructures  is  attached  here.  Most  of 
the  results  presented  in  this  paper  have  been  obtained  under  DARPA 
sponsorship. 
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p-type  doping  of  HgCdTe(  100)  layers  with  lithium  during  growth  by  molecular  beam  epitaxy 
is  reported.  Hall  measurements  have  been  performed  on  these  layers  between  300  and  30  K. 

The  Li  concentration  is  found  to  increase  with  the  Li  cell  temperature.  Li-doped  HgCdTe 
layers  are  estimated  to  have  very  shallow  acceptor  levels.  Acceptor  concentrations  as  high  as 
8  x  10‘*  cm-3  have  been  achieved.  At  low  doping  levels,  due  to  residual  donors,  layers  show 
compensation.  Incorporation  coefficient  of  Li  close  to  1  and  almost  100%  electrical  efficiency 
for  Li  in  molecular  beam  epitaxy  HgCdTe  layers  were  observed.  However,  Li  is  found  to 
diffuse  rapidly  in  HgCdTe  layers  grown  by  molecular  beam  epitaxy. 


Over  the  past  ten  years  Hg,  _  ,Cd,Te(MCT)  has 
emerged  as  an  important  material  for  infrared  ( IR)  detector 
technology.  MCT  was  grown  by  molecular  beam  epitaxy 
(MBE)  on  CdTe  substrates  for  the  first  time  in  1981.'  Since 
then,  this  technique  has  produced  MCT  layers  of  either  n  at 
p  type  and  of  a  quality  comparable  to  the  layers  grown  by 
other  techniques.  However,  very  little  information  exists  on 
the  incorporation  of  foreign  elements  in  MBE  grown  epitax¬ 
ial  layers.  Recently,  successful  e-type  doping  of  MCT  layers 
with  indium  during  growth  by  MBE  was  reported.3  Carrier 
concentrations  of  two  orders  of  magnitude  more  than  what 
can  be  achieved  by  stoichiometry  deviation  have  been 
reached  for  MBE  layers  grown  in  the  ( 1 1 1  )B  orientation. 
Antimony  and  arsenic  (group  V  elements)  act  asp- type  do¬ 
pants  in  MCT  using  other  growth  techniques3  such  as  liquid 
phase  epitaxy.  But  in  the  case  of  MBE  grown  MCT  layers, 
both  Sb  and  As  behave  as  n- type  dopants.4  In  the  case  of 
( 100)  orientation  only  n-type  MCT  with  doping  levels  rang¬ 
ing  from  10“  to  mid-101*  cm-*  can  easily  be  produced  by 
stoichiometry  deviation  for*  <(L35.p-type  ( 100)  is  difficult 
to  achieve  for  x  <  0.24. 5  Therefore,  in  order  to  obtain  p- type 
MCT  layers  in  the  ( 100)  orientation,  incorporation  of  for¬ 
eign  elements  in  group  I  was  studied.  Li  behaves  as  a  p-type 
dopant,  as  expected.  Here,  we  report  results  on  Li,  the  first 
impurity  successfully  incorporased  as  an  electrically  active 
acceptor  in  MBE  grown  MCT  kpers.4  In  this  letter,  we  pres¬ 
ent  electrical  properties  of  litbinm-doped  MCT(  100)  MBE 
layers  studied  by  variable  temperature  Hall  measurements. 

MCT  layers  were  grown  inn  Riber  2300  MBE  machine 
which  is  designed  to  handle  mercury.  MCT  layers  were 
grown  on  2-3 /im  thick  CdTe  huffier  layers  which  were  de¬ 
posited  on  CaAs(  100)  subetrii.  The  growth  eras  moni¬ 
tored  by  reflection  high-energy  electron  diffraction 
(RHEED).  The  growth  rate  eus 4-5  A/s.  Li  was  provided 
by  a  separated  effusion  ceil  lonfod  with  pure  Li.  Since  it  is  a 
very  reactive  material,  great  cam  has  been  taken  when  load¬ 
ing  it  into  the  growth  chimbs.  This  was  done  in  an  inert 
atmosphere.  The  Li  cell  temperature  range  waa  205-280  *C. 
The  Cd  composition  in  the  MCT  layers  was  determined  at 
room  temperature  by  infrared  transmission  measurements 
and  by  energy  dispersive  spectmecopy  measurements.  The 


secondary  ion  mast  spectroscopy  (SIMS)  technique  was 
used  to  obtain  the  concentration  profile  of  Li  atoms  through 
the  layers.  Since  we  did  not  have  a  standard  sample  contain¬ 
ing  Li,  we  were  not  able  to  relate  the  number  of  counts  horn 
the  SIMS  to  the  actual  Li  concentration.  Therefore,  all  SIMS 
data  are  given  in  arbitrary  units,  but  a  relative  comparison  is 
significant.  The  carrier  concentration  and  the  Hall  mobility 
in  the  layers  were  evaluated  by  the  Van  der  Pauw  technique* 
between  room  temperature  and  30  K.  A  AuCl,  solution  was 
used  to  form  ohmic  contacts,  and  the  ohmicity  of  the  con¬ 
tacts  was  checked  systematically.  A  magnetic  field  strength 
of  2000  O  was  used  for  the  Hall  measurements. 

Electrical  measurements  of  the  Li-doped  MCT  layers  at 
40  K  are  summarized  in  Table  I.  Figure  1  shows  the  vari¬ 
ation  of  the  carrier  concentration  (deduced  from  the  Hall 
coefficient)  versus  1000/7*(1C)  for  three  samples.  A  typical 
freeze-out  behavior  cannot  be  seen  for  the  larger  doping  lev¬ 
els.  This  happens  even  with  mid  1011  doping  levels  and 
above.  Such  an  effect  has  been  repotted  previously  for  phos¬ 
phorus.7  Furthermore,  it  can  be  seen  from  the  figure  that  the 
mixed  conduction  n—p  transition  region  diminishes  when 
the  doping  level  increases.  For  the  higher  doping  levels,  the 
carrier  concentration  is  independent  of  temperature,  indi¬ 
cating  that  electrically  active  acceptors  are  completely  ion¬ 
ized.  The  total  amount  of  electrically  active  Li  concentration 
in  the  samples  was  determined  from  the  low-temperature 
carrier  concentration  data. 

The  only  layer  (sample  No.  1 )  which  shows  the  freeze- 
out  behavior  has  been  analyzed  numerically*  using  the 
charge  neutrality  equation: 

n  +  N~'mp  +  Nf, 

where  n,p,Nf,  and  N~  are  the  concentration  of  electrons, 
holes,  ionized  dooors,  and  ionized  acceptors,  respectively. 
For  the  dooors,  complete  ionization  is  assumed  and  the  con¬ 
centration  of  ionized  acceptors  is  given  by 

ft-  ff. 

1  -MXexplx,  -  7,)  ’ 

where  x,  is  the  reduced  acceptor  level  with  respect  to  va¬ 
lence  band  and  is  the  reduced  Fermi  level. 
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TABLE  l.  Electrical  measurements  of  lithium-doped  MCT  at  40  K.  Samples  No  6  and  No.  7  represent  e-type  MBE  grown  MCTt  100) 


Sample 

No. 

Thickness 

(Aim) 

Cd  composition 
<%) 

-V.  -  .V, 

( X  10“ cm"’) 

Mobility  at  40  K 
(cmVV  s) 

Li  cell  temp 

rc> 

1 

1.61 

25 

+  0.84 

370 

205 

2 

1.31 

17 

+  52.00 

360 

219 

3 

2.16 

20 

+  200.00 

330 

245 

4 

2.  IS 

23 

+  800.00 

330 

282 

J 

1.92 

21 

+  440.00 

340 

270 

6 

100 

20 

-  1.00 

3  Ox  10» 

7 

6.20 

19 

-  1.00 

2.4  xIO1 

From  the  Kane  model’  for  nonparabolic  bands, 
^*,77  3  y/»  f--  x1'^*-)-*,)1'2^-!-*,) 

2^  \2PJ/  Jo  1  +  exp(x -t-xf  -  »?,) 

where  /*  is  the  momentum  matrix  element  of  the  Kane  model 
and  xf  is  the  reduced  energy  gap-  For  the  band  gap  Et,  an 
empirical  equation  is  used  from  Ref.  10.  Since  the  equilibri¬ 
um  concentration  of  light  hole  is  negligible,  p  is  the  heavy- 
hole  concentration.  Parabolic  band  with  Fermi-Dirac  statis¬ 
tics  is  assumed  for  the  heavy  holes.  Since  the  mixed 
conduction  dominates  at  high  temperature,  the  concentra¬ 
tion  is  deduced  from  the  following  equation: 

c.c.  *  (p  +  nb)2/(p  -  nb1). 

where  b  is  the  ratio  of  elect  ron-to- hole  mobility  and  is  given 
by 

b~p.,/nk  =  r 

where  m*  »  3 1fEl/APi,  m?  *  0.63m,,"  and  P 
»  8X 10“'  eV  cm."  When  calculating,  Nm,Nt,  r,  and  E, 
were  adjusted  to  give  the  best  At  for  the  experimental  carrier 
concentration  data.  The  solid  line  in  Fig.  1  is  the  best  At.  It 
was  obtained  with  Nm  =»  1.89X  10“  cm-1,  Nd  =  1.05x10" 
cm-3,  r  -  0.24,  £,>1.3  tneV,  and  Cd  composite  a 
=•  25.8%. 

Figure  2  shows  mobility  versus  doping  concentration  at 
40  K  It  can  be  seen  that  the  hole  mobility  in  the  Li-doped 


samples  at  40  K  does  not  vary  drastically  with  the  hole  con¬ 
centration.  Doping  levels  as  high  as  8x  10"  cm'!  were 
achieved.  At  low  doping  levels,  experimental  results  indicate 
a  large  degree  of  compensation  in  the  layers,  since  along  the 
(100)  growth  orientation,  only  n-type  MBE  grown 
MCT(  100)  layers  are  currently  achieved  by  stoichiometry 
adjustment  ( see  Table  I ) .  This  large  degree  of  compensation 
accounts  for  the  limitation  of  the  bole  mobility  at  low  doping 
levels. 

Figure  3  shows  the  concentration  of  Li  atoms  in  the 
MCT  layers  calculated  from  the  incident  flux  and  from 
growth  rate  (assuming  unity  sticking  coefficient)  versus 
lOOO/TfK),  where  T is  the  Li  cell  temperature.  The  carrier 
concentration  N,  —  Nd  (extracted  from  Hall  measure¬ 
ments)  and  the  SIMS  Li  counts  are  also  plotted  in  Fig.  3.  By 
comparing  the  concentration  of  electrically  active  Li  atoms 
in  the  layers  from  Hall  measurements  and  the  concentration 
of  Li  atoms  incorporated  into  layers  calculated  from  the  inci¬ 
dent  flux,  it  can  be  seen  that  there  is  good  agreement  within 
the  experimental  error.  At  this  range  of  doping  levels.  .V, 
-  N4  extracted  from  Hall  measurements  is  approximately 
equal  to  the  acceptor  concentration  N. ,  since  residual  donor 
concentration  is  of  the  order  of  10"  cm'5.  Therefore,  this 
agreement  is  an  indication  that  almost  100%  of  the  Li  is 
electrically  efficient,  and  also  that  the  incorporation  of  Li  in 
MBE  grown  MCT  layers  is  close  to  1.  As  can  be  seen  from 
Fig.  3,  the  SIMS  data  fall  on  a  straight  line,  indicating  that 
the  number  of  Li  atoms  incorporated  into  the  samples  de- 


FIO  I.  Holt  concentration  as  a  ftmctioa  of  1000/Tfll)  for  Bthiwss-Uopad 
MCT  layers  frown  by  MBS.  The  solid  hoc  for  sample  No.  I  is  the  beet  IH 
obtained for tb* fbUowtnt  parameters: ,V,  —  1.19x10“ cm  ~'.S4  »  1.03 
X 10“ cm"’,  r - 0.24,  sod  E,  - 13  m*V. 


HO  2.  Experimental  bote  mobility  at  40  K  as  a  function  of  the  hole  concen¬ 
tration  for  lithium-doped  MCT  layers. 
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FIG.  3.  U  counts  (§)  obtained  by  SIMS  in  the  layers,  .V,  —  N4  (cm'1) 
from  Hall  measurements  (□)  and  Li  concentration  (cm'1)  calculated 
from  the  incident  dux  (A)  vs  reciprocal  of  the  Li  ceil  temperature. 


creases  exponentially  with  the  reciprocal  of  the  Li  cell  tem¬ 
perature.  Sample  No.  1,  which  has  the  lowest  L;  cell  tem¬ 
perature,  exhibits  a  large  discrepancy  between  Li 
concentration  as  calculated  from  the  incident  flux  and  as 
measured  from  Hall  measurements.  This  discrepancy  is  due 
to  the  compensation  in  the  layers  because  the  level  of  electri¬ 
cally  active  impurities  (Li)  is  not  much  larger  than  the  in¬ 
trinsic  donors. 

In  order  to  investigate  the  diffluivity  of  Li,  a  sample 
consisting  of  a  nondoped  MCT  layer  (0.93  ftm  thick )  on  top 
of  a  Li-doped  MCT  layer  (0.93  /im  thick)  has  been  grown. 
From  the  SIMS  profile  of  this  sample,  Li  can  be  seen  in  the 
undoped  layer  in  amounts  comparable  to  that  in  the  inten¬ 
tionally  doped  one.  This  indicates  that  Li  is  highly  mobile  in 
MCT  layers  grown  by  MBE.  At  this  point,  we  have  no  evi¬ 
dence  from  SIMS  data  that  Li  is  diffusing  in  CdTe  buffer 
layer  and  substrate. 

In  conclusion,  we  have  demonstrated  that  Li  behaves  as 


ap-type  dopant  in  MBE  grown  Hg,  _  ,Cd,Te(  100).  This 
represents  the  first  successful  attempt  to  incorporate  electri¬ 
cally  active  acceptors  during  MBE  growth.  These  Li-doped 
MCT  layers  have  been  estimated  to  have  very  shallow  accep¬ 
tor  le  /els  for  sample  No.  1,  which  showed  the  freeze-out. 
The  calculated  activation  energy  was  8.3  meV.  Using  Li  as  a 
p-type  dopant,  carrier  concentrations  up  to  8x  10"  cm-3 
have  been  achieved.  At  low  doping  levels,  layers  show  com¬ 
pensation  due  to  the  residual  donors  from  stoichiometry  de¬ 
viation.  The  doping  level  in  the  samples  can  be  controlled  by 
varying  the  Li  cell  temperature.  An  incorporation  coeffi¬ 
cient  of  1  and  almost  100%  electrical  efficiency  for  Li  in 
MBE  grown  MCT  layers  were  observed.  However,  the 
SIMS  profile  indicates  that  Li  is  highly  mobile  in  MCT  lay¬ 
ers.  This  represents  a  limitation  in  the  use  of  this  element, 
especially  for  abrupt  heterojunctions. 
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Mercury  cadmium  telluride  /7-isotype  heterojunctions  grown  in  situ 
by  molecular-beam  epitaxy 
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Electrical  characterizations  of  the  first  n-N  HgCdTe  heterojunctions  grown  in  situ  by  molecular- 
beam  epitaxy  are  reported.  The  cadmium  concentrations  of  the  two  materials  are  0. 18  for  the 
bottom  layer  and  0.26  for  the  top.  The  measurements  by  Hall,  1 V,  CV,  and  spectral  responsivity 
are  consistent  with  the  existence  of  a  conduction-band  barrier  at  the  interface  behaving  as  an 
insulator  at  low  temperature.  We  suggest  that  transient  effusion  cell  fluxes  occurring  during 
shutter  sequencing  created  such  barriers  at  the  heterojunction  interfaces  during  the  growth.  The 
high  RqA  (600  fix  cm1)  measured  suggests  that  this  effect  might  be  of  interest  for  future 
heterojunction  gate  field-effect  transistor  investigations. 


I.  INTRODUCTION 

The  Hg,_xCd,Te  (MCT)  ternary  alloy  is  currently  the 
most  important  material  for  infrared  applications  in  the 
8-12  fim  wavelength  range.  It  is  also  used  for  the  3-5  fsm 
window  and  considered  for  the  optoelectronic  range.  This 
material  can  be  grown  for  any  cadmium  composition  x 
between  0  and  1 ,  and  can  then  be  considered  as  a  solid  solu¬ 
tion.  The  corresponding  forbidden  energy  gap  can  be  varied 
continuously  between  —0.22  and  1.6  eV  at  80  K.  These 
unique  properties  plus  the  fact  that  the  lattice  mismatch 
between  the  extreme  compositions  is  only  0.3%  make  this 
ternary  semiconductor  material  eery  attractive  for  hetero- 
junction  investigations.  The  main  motivation  for  such  stud¬ 
ies  is  to  improve  existing  detector  performances  by  tailoring 
wavelength  response,  decreasing  parasitic  currents,  and  in¬ 
creasing  minority-carrier  collection  efficiencies. 

LoVecchio  et  al. 1  studied  the  cane  of  back-to-back  MCT 
(x  =  0. 2 ) /CdT e  heterojunctions.  They  concluded  that  a  va¬ 
lence-band  barrier  was  present  ■  the  devices,  n/p  MCT 
heterojunction  photovoltaic  devices  were  demonstrated  by 
Bratt.2  In  certain  cases,  barrier  fin— tion  was  also  reported. 

Both  groups  used  the  liquid  pfc—  epitaxy  (LPE)  growth 
technique  and  reported  substantiM grading  and/or  diffusion 
at  the  interfaces.  Vydyanath  et  aL*  showed  that  such  effects 
could  actually  be  profitable  since  they  presented  exceptional 
LPE  grown  MCT  hetero junction  detector  performances. 

The  possibility  of  including  a— metallic,  semiconduct¬ 
ing,  and  semi-insulating  matfridh  within  the  same  mono¬ 
crystal  could  lead  to  important  tnchnological  applications. 
The  abrupt  heterojunctions  hrt—  these  materials  have  to 
be  further  studied. 

Kuech  and  McCaldin4  reported  characterizations  of 
HgTe  layers  grown  by  the  metilmginic  chemical  vapor  de¬ 
position  technique  at  325-350T  on  e-type  CdTe.  A 
Schottky  barrier  behavior  was  see^  with  a  maximum  barrier 
height  of  0.92  eV. 

The  validity  of  the  comma  anion  rule  for  the 
HgTe/CdTe  system  has  been  q— toned  recently.’  The  re¬ 
ported  values  of  the  valence- band  offset  vary  from  40  meV 
(Ref.  6)  to  350  meV7-*  depending  on  the  technique  used. 
The  above  workers4  mention  thm inversion  in  the  CdTe  lay¬ 


er  could  explain  their  low  barrier  height  value.  We  suggest 
that  interdiffusion  effects  might  have  played  an  important 
role.  In  any  case,  most  of  the  band-gap  difference  should 
appear  in  the  conduction-band  discontinuity. 

The  molecular-beam  epitaxy  (MBE)  technique  is  now  re¬ 
cognized  as  a  possible  choice  for  the  growth  of  MCT  on 
CdTe  and  GaAs.910  Its  low  growth  temperature  ( 190  *C) 
minimizes  the  interdiffiision  effects  and  allows  abrupt  inter¬ 
faces  to  be  produced  in  thin  epitaxial  layers  like  superlat¬ 
tices.  Several  abrupt  n-isotype  heterojunctions  between  two 
narrow-band-gap  compositions  were  grown  for  the  first  time 
in  order  to  observe  the  transport  properties  of  the  electrons 
through  the  expected  conduction-band  discontinuity  on  the 
wide-band-gap  side.  We  present  here  the  characterization  of 
mesa  devices  fabricated  from  these  first  samples. 

II.  EXPERIMENTAL 

The  junctions  were  grown  on  CdTe(  1 1 1  )//GaAs(  100) 
substrates  with  a  Riber  2300  system  modified  to  handle  mer¬ 
cury.  Both  sides  of  the  junction  were  doped  n  type  with  indi¬ 
um  as  previously  described. 1 1  The  narrow-gap  side  was  first 
made  with  a  thickness  of  2  to  3  yum  before  the  growth  condi¬ 
tions  were  abruptly  changed  to  produce  the  wide-gap  mate¬ 
rial  up  to  a  thickness  of  1.0  /xm.  The  substrate  temperature 
was  kept  at  1 90  *C  all  along  the  growth.  The  composition  of 
the  narrow  gap  was  determined  by  infrared  transmission 
measurements  at  room  temperature.  Its  doping  level  4  x  10'6 
cm'1  was  deduced  from  the  Hall  measurements  neglecting 
the  contribution  of  the  wide-gap  side.  This  was  relevant  since 
the  doping  level  was  intentionally  lowered  during  the 
growth  of  the  x  =  0.26  material.  The  composition  and  dop¬ 
ing  ( —5  X  1015  cm  " 1 )  of  the  top  layer  was  estimated  from 
the  growth  conditions  on  separate  runs.  To  check  the  doping 
level,  metal-insulator-semiconductor  (MIS)  structures 
were  fabricated  with  gold  and  zinc  sulfide  on  a  different 
piece  of  the  sample.  The  high-frequency  capacitance  versus 
voltage  curves  were  measured  at  80  K  and  100  kHz  with  an 
LCR  4275  from  Hewlett-Fackard.  The  classical  MIS  calcu¬ 
lation'2  was  used  to  deduce  the  impurity  level  from  the  mini¬ 
mum  to  maximum  capacitance  ratio,  where  the  minimum 
capacitance  was  calculated  using  the  approximation  of  Ref. 
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Fig.  1.  Structure  of  the  devices. 


19.  The  doping  level  deduced  was  within  a  factor  of  2  from 
the  growth  estimated  value.  The  devices  were  made  by  stan¬ 
dard  photolithographic  techniques  and  mesa  etching.  The 
metal  was  evaporated  over  the  zinc  sulfide  passivation 
opened  for  contacts.  Their  structure  can  be  seen  in  Fig.  1. 
The  geometry  is  circular  to  minimize  edge  leakage  but  is 
obviously  not  optimized  for  detection  applications.  The 
junction  area  is  7x  10“ 4  cm2.  More  than  150  dots  were 
tested  from  300  down  to  80  K  with  a  microprobe  station 
from  MMR  Technologies,  Inc.  The  probe  connected  to  the 
top  contact  was  positioned  on  the  metal  part  overlapping  the 
zinc  sulfide  to  avoid  piezoelectric  effects.  The  current  versus 
voltage  measurements  were  made  with  an  electrometer/vol¬ 
tage  source  model  617  from  Keithley,  modified  to  generate 
S-mV  steps.  All  the  data  acquisition  was  computerized. 

III.  RESULTS 

The  current  versus  voltage  curves  measured  can  be  seen  in 
Fig.  2.  They  are  representative  of  the  average  of  the  devices 
measured.  Very  weak  forward  rectification  occurs  when  the 
top  wide-band-gap  material  is  biased  negatively.  They  could 
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Fig.  3.  Semilog  plot  of  the  l /V curves  when  the  top  matenmi  is  biased 
negatively. 


be  simply  described  as  showing  double  soft  reverse  break¬ 
down  at  low  temperature.  The  current  is  proportional  to  the 
voltage  at  low  bias,  and  tends  to  a  power  of  the  voltage  law 
(2-3)  above  50-100  mV.  A  semilogarithmic  plot  of  these 
curves  is  shown  in  Fig.  3  for  the  forward  bias  case.  Notice 
that  their  slopes  are  nearly  independent  of  temperature.  The 
R  0  A  values  could  reach  600  fl  cm2  at  80  K  on  several  de¬ 
vices,  showing  that  the  active  part  of  the  device  is  on  the 
wide-band-gap  side.  Its  variation  as  a  function  of  l/T can  be 
seen  in  Fig.  4  in  reverse  bias.  At  high-temperature  it  follows 
an  exponential  law  in  a  limited  range  only,  and  tends  to  satu¬ 
rate  at  low  temperature.  The  corresponding  high-tempera¬ 
ture  activation  energies  are  systematically  higher  in  reverse 
bias  ( —  105  meV)  than  in  forward  bias  ( —  80  meV).  The 
I /V  curves  were  fitted  by  the  least-square  method  to  the 
equation 

/  =  /,{exp[(K— /A,)/K0]  -1},  (1) 

where  /  is  the  current  density,  I,  the  saturated  current  den- 
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RECIPROCAL  TEMPERATURE  (1000/TIK)) 

Fig.  2.  Current/voltage  curves  vs  temperature.  Positive  voltages  corre¬ 
spond  to  negative  bias  on  the  top  material.  Temperatures:  curve  1 :  235  K,  2:  Fig.  4.  Variation  of  the  dc  resistance  of  the  device  with  reciprocal  tempera- 

169  K.  3:  132  K.  4:  109  K.  5:  92  K.  and  6:  80  K.  lure. 
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sity,  V  the  bias  voltage,  R,  the  series  resistance,  and  V0  the 
voltage  defining  the  slopes  of  the  curves.  The  precision  of  the 
parameters  extracted  was  only  questionable  close  to  room 
temperature  where  the  devices  showed  an  ohmic  behavior. 
Below  1 50  K,  K0  was  found  constant  and  equal  to  1 45  and  80 
mV  in  reverse  and  forward  bias,  respectively,  and  R,  was 
negligible.  V0  was  increasing  with  temperature  above  150K. 

A  typical  capacitance  versus  voltage  curve  is  shown  in 
Fig.  5.  It  clearly  does  not  follow  the  classical  Schottky  diode 
depletion  model  but  rather  a  metal-insulator-semiconduc¬ 
tor  device  behavior.  The  frequency  dependence  is  small.  The 
admittance  curves  correlate  the  slope  variation  of  the  dc  cur¬ 
rent/voltage  measurements. 

IV.  DISCUSSION 

The  lack  of  strong  rectification  implies  that  thermionic 
emission  is  negligible.  The  current  transport  is  limited  by 
some  form  of  tunneling  since  it  varies  as  exp(  V /  V0 )  inde¬ 
pendently  of  temperature  below  1 50  ft.  These  properties  are 
systematic  for  all  the  devices  on  several  crystals,  and  are  not 
resulting  from  a  marginal  contact  process  on  the  top  contact 
which  could  create  back-to-back  Schottky  diodes  randomly. 
Furthermore,  a  sharp  minimum  in  capacitance  close  to  zero 
bias  should  be  seen  in  this  case. 13  Schottky  barrier  lowering 
with  biasing  voltage  is  not  detected  since  the  current  should 
vary  as  exp ( a  Fl/4/ 7"), 12  and  F0  should  be  a  function  of  tem¬ 
perature  even  at  80  K. 

These  results  have  similarities  with  the  theory  of  ther¬ 
mionic  field  emission  across  Schottky  barriers  (TFS).14  The 
ratio  kT /Egg  is  an  estimation  of  the  relative  importance  of 
the  thermionic  and  field  emission  processes, 15  where  k  is  the 
Boltzmann  constant,  T  the  absolute  temperature,  and  Eoo 
an  energy  defined  as 

E00=(qh/An)(ND/m*e)u\  (2) 

where  q  is  the  electronic  charge,  h  the  Planck’s  constant,  ND 
the  donor  concentration  in  the  semiconductor  (in  our  case 
the  wide-band-gap  side  with  x  =  0.26),  m*  and  e  the  elec¬ 
tron  effective  mass  and  the  static  dielectric  constant  in  the 
same  material.  When  ic7’>£,00  the  current  is  mainly  due  to 
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Fig.  3.  High-frequency  capacitance/ voltage  curve  at  low  temperature. 
Positive  voltages  correspond  to  positive  bias  on  the  top  material. 


thermionic  emission.  When  kT<E field  emission  (or  tun¬ 
neling  from  energies  close  to  the  conduction  band)  is  the 
dominant  transport  mechanism.  Both  types  of  electron 
emission  have  to  be  considered  when  kT^Egg.  In  our  case 
Nd  st  5  X  1015  cm-  \  and  forx  =  0.26  at  T  =  80  K,  the  rela¬ 
tive  electron  effective  mass  and  dielectric  constant  are  taken, 
respectively,  as  1.4x  10“ 2  and  16.9.  The  value  of  Egg  is  then 
2.66  meV,  much  smaller  than  kT  —  6.9  meV.  The  fact  that 
thermionic  conduction  is  not  seen  in  forward  bias,  together 
with  the  capacitance  measurements  results,  make  us  con¬ 
clude  that  a  large  conduction-band  barrier  is  present  at  the 
heterojunction  between  the  two  materials.  This  is  in  agree¬ 
ment  with  the  spectral  response  measured  on  one  device  in 
small  reverse  bias  at  80  K,  showing  a  wide  response  in  the 
3-6  fim  range  and  a  peak  more  than  three  times  higher  in 
amplitude  at  1.9-^<m  wavelength.  The  root  square  of  the  pho¬ 
toresponse  is  shown  versus  wavelength  in  Fig.  6.  The  low- 
energy  tail  was  close  to  the  noise  floor  and  was  separated 
from  the  response  of  the  x  —  0.26  material  by  more  than  1 
fim.  The  measurement  was  made  under  vacuum  with  a  glow 
bar  infrared  source,  a  monochromator,  and  a  lock-in  ampli¬ 
fier.  The  curve  was  corrected  for  blackbody  radiation  and 
grating  dispersion.  It  can  be  interpreted  as  internal  photoe¬ 
mission  from  a  conduction-band  barrier  0.56  eV  above  the 
Fermi  level  ( being  degenerate  in  the  narrow-band-gap  mate¬ 
rial  ) .  The  TFS  theory  predicts  that  the  current/ voltage  rela¬ 
tion  should  be  of  the  form14 

/  =  /,  exp (qV/E0) 

at  high  enough  voltages,  where  E0  =  £oo  coxhiEgg/kT)  and 
/,  is  a  function  of  T,  the  barrier  height,  the  doping  level,  and 
is  a  weak  function  of  the  bias.  Egg  has  been  previously  intro¬ 
duced. 

Since  E0  =  80  meV  below  150  Kin  our  devices,  we  can  see 
that  the  rise  in  E0  above  this  temperature  cannot  be  account¬ 
ed  for  by  the  TFS  theory.  Tunneling  through  a  high  and 
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Fig.  6.  Root  square  of  the  spectral  response  of  the  device  vs  photon  energy. 
Only  the  high-energy  tail  is  shown. 
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Flo.  7.  Calculation  of  the  assumed  band  profile  of  the  structure  at  zero  bias. 
Parameters  used:  -  0.44,  dopinf  left-hand  side  —  5  x  1015  cm'1, 

doping  right-hand  side  —  4X10“  cm'1,  Cd  composition  left-hand 
side  —  0.26,  Cd  composition  right-hand  side  -0. 18.  Cd  composition  at  the 
barrier  peak -0.6,  A £,  -0.15xA£,.  T-80K. 


sharp  barrier  is  the  suspected  dominant  transport  at  low  T. 
Only  a  minor  contribution  to  the  current  is  due  to  band 
bending  change  with  bias  in  the  x  =  0.26  material.  As  will  be 
discussed  later,  we  think  that  the  barrier  resulted  from 
abrupt  composition  change  during  growth.  Its  actual  con¬ 
duction-band  profile  is  expected  to  be  much  steeper  than  the 
parabolic  potential  approximation  made  in  the  TPS  theory. 

A  Poisson  solution  of  the  expected  band  profile  of  the 
device  at  80  K  is  shown  in  Fig.  7.  An  abrupt  Cd  composition 
increase  up  to  x  =  0.6  was  assumed  right  at  the  interface, 
followed  by  a  sharp  exponential  decrease  down  to  x  =  0.26. 
The  minimum  barrier  thickness  was  set  to  be  100  A.  The 
valence-band  offset  between  two  different  composition  ma¬ 
terials  was  assumed  to  be  15%  of  their  band-gap  difference. 
A  heavy-hole  effective  mass  independent  of  composition  and 
equal  to  0.44  has  been  used.  The  calculation  is  made  with  the 
relaxation  method,  using  the  two-band  Kane16  model  and 
assuming  fully  ionized  dopants  without  diffusion  effects  at 
the  interface.  Degeneracy  is  included.  The  details  of  this  cal¬ 
culation  will  be  presented  elsewhere.17  We  can  see  that  the 
Fermi  level  on  the  left-hand  side  is  within  1  meV  of  the  con¬ 
duction  band,  whereas  the  narrow  bandgap  is  heavily  degen¬ 
erate,  the  Fermi  level  lying  45  meV  above  the  conduction 
band. 

This  structure  basically  looks  like  a  metal-insula  tor-sem¬ 
iconductor  device  as  suspected  from  the  capacitance  mea¬ 
surements.  The  semiconductor  with  x  »  0.26  is  weakly  de¬ 
generate.  The  use  of  a  metal-insulator-metal  tunneling 
model  could  be  appropriate  at  low  temperature  where  we 
established  that  tunneling  transport  is  dominant  We  used 
the  model  developed  by  Simmons1*  for  its  simplicity,  modi¬ 
fying  it  slightly  to  make  provision  for  different  effective 
masses  in  the  metal  and  the  insulator.  It  assumes  a  rectangu¬ 
lar  barrier  and  is  restricted  to  low  temperatures  where  the 
tunneling  is  independent  of  temperature.  We  did  not  use  it  in 
the  first  place  since  it  cannot  demonstrate  the  existence  of 


the  tunneling  process  by  itself.  The  current  density  is  given 
by 

/=  (l/*0){(<l>g  -  V/ 2)exp(  -/fv<P4  -  V/2) 

-  (4>4  +  V /2)exp(  -  A  v4>,  +  V/2)} 
with  A  =  4nd  yjlm,q/h, 

R0  =  ( Iflhd 1  /tf )  ( m, /mm  ) , 

t»s>  d  is  the  thickness  of  the  barrier,  <t>4  the  barrier 
height,  V  the  bias,  h  the  Planck’s  constant,  and  q  the  elec¬ 
tronic  charge,  m*  and  mm  are  the  electron  effective  masses 
in  the  insulator  and  the  metal  electrode  acting  as  the  cath¬ 
ode,  respectively.  R0  is  not  to  be  confused  with  the  zero  bias 
resistance  of  the  device. 

The  effect  of  barrier  height  lowering  is  not  considered 
since  it  could  not  be  detected  from  the  measurements  and  the 
barrier  height  is  expected  to  be  large.  The  fact  that  the  curves 
in  Fig.  3  are  nearly  symmetric  is  consistent  with  this  model. 
The  low-temperature  curve  of  Fig.  3  was  fitted  in  reverse  bias 
since  the  tunneling  is  less  affected  then  in  forward  bias  by  the 
actual  barrier  profile  on  the  wide-band-gap  side.  4>4  and  d 
where  adjusted  to  produce  the  results  shown  in  Fig.  8.  The 
following  effective  masses  have  been  used:  m,/m0  —  0.0S8 
and  m*  /m0  —  0.0039.  It  can  be  seen  that  the  best  fit  occurs 
for  <fr4  =*0.55  eV,  in  excellent  agreement  with  the  optical 
result.  The  average  matching  barrier  thickness  is  close  to  1 10 

A. 

The  capacitance  measurements  can  be  interpreted  as  fol¬ 
lows:  the  diode  is  essentially  behaving  as  an  MIS  where  the 
narrow-band-gap  material  is  the  metal  electrode  and  the  bar¬ 
rier  is  the  insulator.  The  top  semiconductor  with  x  =  0.26  is 
then  seen  n-type  in  depletion  at  zero  bias.  Calculation  of  the 
low-frequency  differential  capacitance  of  the  structure 
shown  in  Fig.  7  was  attempted  using  the  same  type  of  calcu- 
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Fio.  8.  Fitting  of  the  Simmons  model  to  the  low-temperature  curve  of  Fig-  2. 
The  top  material  is  biased  positively  Parameters  used: 
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FiO.  9.  Relative  capacitance  vs  voltage  curve*.  Curve  1:  second  measure¬ 
ment  of  the  CV  data  shown  in  Ft*.  3.  7*-  80  K,  100kHrCurvc2:measure- 
ment  of  the  same  device  with  the  sane  frequency,  r—  l60K.Curvt3  -  x 
Low-frequency  capacitance  calculation  aUOK.  Same  parameters  as  in  Fig. 

7. 


lation  as  before  and  the  same  parameters.  The  quasi-Fermi 
levels  on  esch  side  of  the  heterojunction  were  suunm)  to  be 
constant,  their  difference  being  abruptly  accommodated  at 
the  interface.  The  result  is  shown  in  Fig.  9,  together  with 
measurements  made  at  SO  and  160  K  at  100  kHz  on  the  same 
device.  We  can  see  that  an  accumulation  plateau  occurs  be¬ 
low  —  0.2  V.  Its  magnitude  is  much  smaller  than  the  capaci¬ 
tance  of  the  pseudoinsulator  alone.  This  is  due  to  the  onset  of 
depletion  on  the  narrow-band-gap  side  which  begins  to  be 
inverted  below  -  0.3  V.  The  high-frequency  tow-tempera¬ 
ture  CV  curve  then  stays  approximately  constant  thereon. 
The  calculation  also  shows  strung  inversion  of  the  wide¬ 
band-gap  side  to  be  occurring  at  +  0.13  V.  Notice  that  these 
thresholds  tend  to  precede  the  abrupt  falls  in  capacitance 
measured  at  160  K.  We  think  that  these  transitions  are 
linked  to  the  collapse  of  their  corresponding  hole  inversion 
layers  through  the  valence  side  of  the  buret  barrier,  driving 
their  respective  material  side  in  deep  depletion.  It  demon¬ 
strates  that  hole  confinement  against  this  barrier  occurred 
before.  We  conclude  that  a  valence-band  barrier  is  also  pres¬ 
ent,  and  that  the  valence-band  oflhet  cannot  be  neglected. 
Even  though  no  precise  value  am  be  deduced  from  this 
work,  we  should  point  out  that  the  13%  of  the  band-gap 
difference  value  used  in  the  calculations  is  consistent  with  all 
the  measurements  made  as  wefi  as  the  recently  published 
studies1*  when  extrapolated  to  the  HgTe/CdTe  case.  At  the 
present  time  the  reason  why  the  capacitance  only  collapses 
at  high  temperatures  is  not  clearly  understood.  It  might  be 
linked  to  two-dimensional  quantised  energy  levels  of  the  in¬ 
version  layers  interacting  with  deep  levels  within  the  burst¬ 
ing  material.  Even  though  the  deep  levels  have  been  omitted 
from  this  study,  they  are  known  to  be  present  since  notice¬ 
able  hysteresis  has  been  seen  in  theCFmeasurements,  and  to 
a  smaller  degree  in  the  IV  measurements.  They  could  also 
contribute  to  the  enhanced  tunneling  process  described. 


The  burst  in  composition  which  occurred  at  the  interface 
is  linked  to  the  transient  flux  response  of  the  effusion  cell 
opened  during  the  growth  to  increase  the  cadmium  content 
of  the  top  layer.  When  the  shutter  is  closed,  the  cell  has  a 
higher  quasiequilibrium  pressure  than  with  the  shutter 
opened.  This  study  shows  that  with  the  particular  geometry 
used  the  time  constant  required  by  the  ceil  to  change  from 
the  closed  to  opened  stable  conditions  was  in  the  order  8  s. 
Once  detected,  this  problem  can  be  avoided.  Recently  grown 
devices  trying  to  avoid  this  effect  give  credit  to  this  hypothe¬ 
sis  and  will  be  published  later. 

V.  CONCLUSION 

We  showed  that  the  electrical  characterizations  of  the  first 
abrupt  n-isotype  heterojunctions  made  by  MBE  were  consis¬ 
tent  with  the  presence  of  a  sharp  burst  in  composition  at  the 
heterojunction  interface  due  to  the  growth  conditions. 

The  measurements  and  the  calculations  presented  are  in 
agreement  with  the  presence  of  a  valence-band  offset 
between  the  barrier  material  and  the  adjacent  layers.  When 
extrapolated  linearly  to  the  HgTe/CdTe  case,  the  value  as¬ 
sumed  is  in  agreement  with  the  recently  published  studies. 
The  high  rtyf  values  obtained  even  for  a  narrow-gap  compo¬ 
sition*  =  0.17  could  be  of  interest  for  future  gate  field-effect 
transistor  investigation. 
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HgTe-CdTe  superlattica  and  other  microstructtins  such  as  single  and  double  barrier 
tunneling  structure*  are  commonly  grown  by  moWnUr  beam  epitaxy  with  the  mercury  flux 
continuously  on  the  sample  during  the  growth.  This  means  that  some  mercury  will  be 
incorporated  in  the  CdTe  layers.  We  present  here,  for  the  first  time.  a  measurement  of  the 
amount  of  mercury  incorporated  in  thin  layers  of  CdTe.  X-ray  photneiectron  spectroscopy  was 
used  to  measure  the  amount  of  mercury.  The  amount  of  mercury  was  (bund  to  be  between  3 
and  9%  for  CdTe  ( 1 1 1 )  J,  depending  on  the  growth  conditions.  The  amount  of  mercury  was 
found  to  increase  with  mercury  flux  and  to  decrease  as  the  substrate  temperature  was 
increased.  Under  the  same  conditions,  it  was  found  that  much  more  mercury  was  incorporated 
in  the  ( 100)  orientation.  The  type  of  substrate  (CdTe  or  QaAs)  was  not  found  to  mllMn«  the 
results.  These  results  indicate  that  the  amount  of  mercury  in  the  CdTe  layers  of  HgTe-CdTe 
superlattices  is  not  quite  as  low  aa  expected  (torn  measurements  of  thick  CdTe  layers,  but  it  can 
be  low  enough  that  it  does  not  influence  significantly  the  results  on  the  «np«*bni»^  system  in 
the  (111)  orientation. 


HgTe-CdTe  superlattices  have  been  propoaed  aa  a  new, 
interesting  infrared  material '•*  It  has  been  shown  that  they 
can  be  grown  by  molecular  beam  epitaxy  (MBE).J  It  has 
also  been  shown  that  the  best  growth  temperature  is  180- 
200  *CJ  At  this  temperature  the  mercury  condensation  co- 
dScsrat  is  about  10~\*  This  means  that  a  large  mercury 
overpressure  is  needed  to  grow  HgTe  It  also  implies  that 
mercury  will  easily  and  noncoagraently  evaporate  from 
HgTe.  Due  to  this  problem,  the  common  growth  technique 
for  HgTe-CdTe  superlattices  and  other  microstructures 
such  as  single  and  double  barrier  tunneling  structures  in¬ 
volves  leaving  the  Hg  source  openat  all  timea.1*  Thus,  there 
is  a  mercury  flux  on  the  sample  during  the  growth  of  the 
CdTe  layers.  A  competition  then  occurs  between  the  Hg  and 
Cd  atoms  for  lattice  sites.  As  a  insult,  the  CdTe  layers  may 
not  be  pure  CdTe  but  instead  be  Hg,  _,Cd,Te  with  some 
percentage  of  mercury. 

This  problem  was  recognized  by  the  flrst  people  to  grow 
HgTe-CdTe  superlattices  oo  CdTe  (111)4  substrates.  They 
grew  thick  layers  of  CdTe  under  dm  tame  conditioos  ss  in 
the  superlattice,  including  the  pessmer  of  the  Hg  flux.  The 
Hg  content  was  then  measured  by  energy  dispersive  spec¬ 
troscopy  (EDS).  It  was  found  that  the  CdTe  contained  less 
than  3%  mercury.7  When  see  began  to  grow  HgTe-CdTe 
superlattices  at  the  University  of  OHaois,  we  repeated  these 
experiments  with  the  tame  route*  This  small  amount  of 
mercury  should  only  slightly  influence  the  characteristics  of 
the  superlattices  such  as  the  band  gap  and  the  valence-band 
discontinuity.  Therefore,  it  waa  mglcrfeil  The  only  question 
was  whether  the  results  for  a  thidk  layer  were  the  same  for 
the  thin  layer  in  the  superlattice. 

Recently,  it  has  been  suggested  that  the  amount  of  mer¬ 
cury  in  the  CdTe  layers  of  the  saperlattice  might  not  be  as 

•' Pmm sddwssi  Saadis Nsdoasl  LSS—aij,  Orpsiwtins  U44.  \fca- 
qutrqat,  NM 1711). 

*'  Permanent  address  Facuius  Uninramrn  Notrt-Dan*  dt  la  Pais,  B- 
9000  Namur,  Bdgtaat. 


small  aa  previously  thought*  For  this  reason  we  have  per¬ 
formed  the  first  measurements  of  the  amount  at  mercury 
incorporated  in  thin  CdTe  layen  grown  with  a  mercury  flux. 
We  have  also  looked  at  how  the  amount  of  mercury  incorpo¬ 
rated  depends  upon  the  subetrate  temperature,  the  mercury 
flux,  the  CdTe  growth  rate,  and  on  the  type  and  asimtadon 
of  the  substrate. 

The  samplm  were  all  grown  at  the  Univerrity  of  Ulinoia 
in  a  Riber  2300  MBE  machine.  CdTe  substrates  oriented  in 
the  (100)  and  the  (lll)J  were  used.  Additionally, 
OaAs(  100)  with  both  ( 100)  and  ( 1 1 1  )M  CdTebuflbr  layers 
were  used.  The  subetrate  preparation  and  the  growth  of  the 
appropriate  buffer  layer  have  been  discussed  elsewhere. 3 
The  Te  flux  was  kept  constant  throughout  the  experiment. 
The  flux  waa  choecn  so  that  the  HgTe  growth  rate  was  about 
5  A/a  on  a  CdTe(  1 1 1  )M  substrate.  A  CdTe  growth  rate  of  1 
A/»  waa  used  throughout  the  experiment,  except  when  that 
growth  rate  waa  the  parameter  being  varied.  These  growth 
rates  are  typical  of  those  used  in  the  growth  of  HgTe-CdTe 
superlattice*.  The  substrate  temperature  was  measured  us¬ 
ing  a  chromel-ahnnei  thermocouple  in  contact  with  the  sam¬ 
ple  holder  and  by  an  infrared  pyrometer.  Them  measure¬ 
ments  have  been  calibrated  using  the  melting  temperatures 
of  indium  and  tin. 

The  structure  of  the  samplm  waschoaen  to  be  similar  to 
that  of  tha  mperiattice*.  On  the  buffer  layer  a  HgTe  layer 
with  a  thickness  of  80-100  A  was  grown  first.  This  was  im¬ 
mediately  followed  by  a  CdTe  layer  130-170  A  thick.  The 
CdTe  layw  was  grown  with  the  Hg  flux  still  on  the  sample. 
The  Hg  concentration  in  the  CdTe  layer*  was  measured  by  x- 
ray  photoelectron  spectroeoopy  (XPS)  using  both  the  ratio 
of  peak  inis  and  the  energy  difference  between  the  Hg  id  or 
Cd  M  con  level  and  the  valence-band  maximum  (VBM). 
For  Hg, _,Cd,Te,  this  energy  difference  can  be  shown  to 
reflect  the  position  of  the  VBM  on  an  absolute  energy  scale, 
because  the  cation  con  levels  an  virtually  independent  on 
the  alloy  composition  x.’10  The  position  of  the  VBM  is 
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known  in  turn  to  be  very  sensitive  to  the  composition  x.’10 
Therefore,  the  binding  energy  of  the  Hg  5d  and  Cd  4 d  core 
levels  with  respect  to  the  VBM  can  be  used  to  determine  the 
alloy  composition  x.  Several  samples  were  grown  without 
the  HgTe  layer  on  the  bottom  to  see  if  its  presence  changed 
the  measurement  No  difference  was  found  in  the  Hg  con* 
centration  in  the  CdTe  whether  the  HgTe  was  present  or  not 
First  with  the  Te  and  CdTe  fluxes  constant  the  substrate 
temperature  and  the  Hg  flux  were  varied  to  determine  their 
influence  on  the  Hg  incorporation. 

The  samples  were  kept  under  ultrahigh  vacuum  condi¬ 
tions  as  they  were  transferred  to  the  XPS  chamber.  The  XPS 
measurements  were  performed  with  an  SSX- 100  spectrom¬ 
eter  from  Surface  Science  Laboratories.  A  monochroma- 
tized  and  focused  A1  Ka  excitation  line  was  used.  The  over¬ 
all  energy  resolution  measured  on  the  Au  4f?/2  core  level  is 
0.7  eV.  The  core  levels  used  in  this  work  were  the  Hg  If  and 
3d,  the  Cd  4d  and  3d,  and  the  Te  4d  and  3d.  The  values  of  the 
peak  areas  and  positions  of  all  the  core  levels  were  deter¬ 
mined  by  a  detailed  analysis  of  the  spectra  by  a  least-squares 
At  of  individual  spin-orbit  doublets  to  the  data.  The  line 
shape  used  for  the  fits  was  a  Loren tzian  convoluted  with  a 
Gaussian.  A  nonlinear  background  was  subtracted  from  the 
spectra  prior  to  the  fitting  procedure. 

Figure  1  shows  a  typical  result  for  the  spectrum  of  the 
Cd  4d  and  the  Hg  3d  core  levels.  This  is  the  most  difficult 
case  due  to  the  large  number  of  overlapping  peaks.  The  lit 
reveals  the  existence  of  two  Hg  components.  These  two  com¬ 
ponents  will  be  called  Hg<n  and  Hg,J>  in  the  following  dis¬ 
cussion.  From  its  binding  energy  with  respect  to  the  VBM,10 
Hg(l>  can  be  clearly  identified  as  Hg  in  Hg,  _,Cd,Te.  The 
origin  of  Hg(2> ,  at  about  600  me V  higher  binding  energy,  is 
not  yet  fully  understood.  We  believe  that  Hg(1>  is  some  sort 
of  surface  mercury.  Further  experiments  are  still  in  progress 
to  clarify  this  point  Only  the  component  Hg(l> ,  associated 
with  Hg  in  Hg,_  .Cd.Te,  was  used  in  our  measurements.  It 


FIG.  I.  Typical  XPS  ipactrua  froa  a  CdTe  layer  grown  with  a  mercury 
flu*.  Thtdaah-dotted  lint  is  U>e  rwah  of  a  least-tquaite  St  to  the  data.  The 
daahed  fata  repwetm  the  individntleoaipotitattaaed  far  this  it.  Tliehach- 
groand  i»  rcpcaeutfd  by  the  tohd  Hue.  The  doo  ere  the  experimental  data. 


is  the  only  one  that  should  influence  the  band  gap,  ifHg<J1  is 
indeed  a  surface  phenomenon. 

To  obtain  the  binding  energies  {Ea  —Ev)  used  for  the 
determination  of  the  Hg  concentration,  the  position  of  the 
VBM  was  determined  simply  by  a  linear  extrapolation  of  the 
valence-band  leading  edge.  This  procedure  has  proven  to  be 
reproducible  and  very  accurate  for  Te-btsed  II- VI  semicon¬ 
ductors.11  Since  the  binding  energy  defined  above  is  very 
sensitive  to  the  Hg  concentration  in  Hg,  .^Cd^Te,10  it  can 
be  used  to  determine  the  amount  of  Hg  in  the  CdTe.  As  can 
be  seen  in  Table  I,  there  is  good  agreement  between  the  two 
methods.  This  gives  us  confidence  in  our  results  and  in  neg¬ 
lecting  the  Hgu>  component.  This  procedure  implies  the 
measurement  of  the  valence-band  energy  distribution  curve 
and  is  thus  highly  time  consuming.  Therefore,  it  was  not 
applied  systematically  to  all  the  samples. 

In  order  to  compare  our  previous  results  for  a  thick  lay¬ 
er  with  these  for  a  thin  layer,  we  grew  a  thick  CdTe  layer  and 
checked  the  Hg  concentration  with  both  XPS  and  EDS.  The 
growth  conditions  were  similar  to  those  used  for  the  thin 
layers  (T,  »  193  *C,  Hg  flux  -  1.6 X  10n  cm-J$-',  and 
CdTe  growth  rate  1  As-1).  The  results  from  EDS  agreed 
with  all  of  our  earlier  work  and  gave  a  value  of  about  3  %  Hg 
in  the  CdTe.  The  XPS  results  on  this  layer  gave  a  Hg  concen¬ 
tration  of  3%.  This  difference  ts  within  the  range  of  experi¬ 
mental  error,  but  it  may  also  indicate  that  there  is  a  slight 
difference  in  the  Hg  concentration  with  depth. 

The  homogeneity  of  the  Hg  distribution  with  depth  can 
be  checked  by  comparing  results  from  core  levels  at  different 
binding  energies  In  our  case  the  determinations  using  the 
Hg  V",  Cd  3d,  and  Te  3 d  core  levels  are  more  surface  sensi¬ 
tive  than  those  using  the  Hg  3d,  Cd  4d,  and  Te  4d  lines.  This 
is  due  to  the  smaller  escape  depth  for  the  Cd  3d  and  Te  3d 
photoelectrons  (A  =s  1 3  A. )  compared  to  the  Cd  4d  and  Te  4d 
U  ~20  A ).  Wc  found  that  the  more  surface-sensitive  deter¬ 
minations  systematically  yielded  slightly  higher  concentra¬ 
tions.  Compared  with  EDS,  XPS  is  primarily  a  surface  tech¬ 
nique.  The  observed  surface  enrichment  is  thus  consistent 
with  the  difference  between  the  bulk  reaults  from  EDS  and 
the  XPS  results.  Further  investigations  with  good  depth  re¬ 
solution  would  certainly  be  very  deniable  to  confirm  (or 
infirm)  this  paint 

Table  I  summarizes  the  Hg  cooccatratioas  determined 
by  XPS  for  the  different  substrate  and  Hg  cell  temperatures. 
The  Hg  concentrations  determined  by  both  XPS  methods 
are  given.  The  values  given  in  the  table  baaed  on  peak  area 


TABLE  l.  Ha  *°  T«  ratio  ■  CdT«  grown  with  a  Hg  »aa  am  CdTe  mhatratw, 
■loaf  with  cht  growth  amdUam.  T,  if  the  WhMlt  ttapaware.  Tha 
CdTe  growth  raw  «a  held  eoasHat  at  ahoat  I  A/a. 


If! 

T. 

(X) 

Hg«as 

(10"  carV) 

1  — * 

(am  rata) 

1  -X 

( binding  enetgUe) 

(mi* 

175 

1.6 

0.015  ±  0.009 

0.067  ±  0.020 

mi)* 

IIS 

1.6 

0.065  ±0.015 

0.051  ±0.020 

(tiD* 

195 

1.6 

0.057  ±0.016 

(ill)* 

195 

0.19 

0045  ±  0.010 

0.020  ±0020 

(iid* 

195 

1.6 

0.057  ±  0.016 

dll)* 

195 

2.2 

0.065  ±0.016 

0.100  ±0.020 

(100) 

its 

1.6 

a  147  ±0.0(6 
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ratios  are  average  values  from  four  different  sets  of  core  level 
spectra.  Relative  sensitivity  factors  were  determined  for  our 
instrument  from  MBE  grown  HgTe  (111)  and  CdTe  (lit) 
samples. 

The  Hg  flux  was  determined  using  Knudsen’s  effusion 
law,  which  is  a  good  approximation  in  this  case  for  the  direc¬ 
tion  normal  to  the  evaporating  surface.  A  change  of  the  sub¬ 
strate  temperature  by  10  *C  will  change  the  Hg  condensation 
coefficient  by  about  a  factor  of  1.5. 4  Several  striking  features 
are  observed  from  this  table.  Fust,  for  these  growth  condi¬ 
tions  on  CdTe  ( 1 1 1  )B  the  amount  of  Hg  incorporated  is 
much  less  than  20%. 11  Second,  the  overall  agreement 
between  the  area  ratio  and  the  binding  energy  results  is  good. 
Third,  the  amount  of  Hg  incorporated  follows  the  general 
trends  expected  from  the  growth  conditions,  and  the  relative 
magnitudes  are  in  reasonable  agreement  with  the  Hg  flux 
and  condensation  coefficient  variations.  Fourth,  a  Hg  con¬ 
centration  of  5%  was  obtained  by  the  correct  selection  of  the 
growth  conditions  and  we  have  obeamrd  a  value  as  low  as 
3%  in  a  second  set  of  experiments. 

It  has  been  reported  that  for  a  CdTe  ( 2 1 1 )  substrate  the 
amount  of  Hg  incorporated  is  about  20%. 13  We  have  also 
shown  that  the  Hg  condensation  coefficient  varies  depend¬ 
ing  on  the  orientation  of  the  substrata14  For  this  reason,  we 
have  also  investigated  CdTe  ( 100) .  The  fluxes  were  the  same 
as  used  for  the  ( 1 1 1  )B.  The  results  ate  also  given  in  Table  L 
The  difference  in  the  Hg  inoorpontian  is  very  large  and  op¬ 
posite  to  our  initial  expectations,  since  Hg  on  CdTe  ( 100) 
has  the  smaller  condensation  coefficient  of  theee  two  orien¬ 
tations.  We  do  not  understand  these  results,  but  they  show 
once  again  that  MBE  growth  cannot  be  treated  by  a  classical 
thermodynamic  approach  using  ths  law  of  mass  action  and 
neglecting  surface  kinetics. 

We  performed  a  seoood  set  of  experiments  to  check  the 
dependence  of  the  Hg  incorporation  an  the  CdTe  growth 
rate  end  on  the  type  of  subetnte.  The  Te  end  Hg  fluxes  were 
kept  constant  The  remits  are  given  ie  Table  IL 

The  first  point  that  can  be  seen  horn  theee  results  is  thut 
it  does  not  matter  whether  e  CdTe  (111)1  substrate  or  a 
OaAs  ( 100)  substrate  with  a  CdTe  (Ul)ff  buflfer  is  used  to 
grow  the  layers.  The  Hg  incorporaiaa  ie  about  the  same  for 
the  two  different  substrates.  The  second  point  ie  that  the  Hg 
incorporation  appears  to  incresss  with  ths  CdTe  growth 
rate.  We  do  not  have  much  data,  btf  fibs  trend  sppsan  to  be 
in  this  direction. 

It  arm  also  found  that  the  quaihy  of  the  surface  prior  to 
the  growth  of  our  strweturee  couM  dramatically  influence 
the  amount  of  Hg  incorporated.  Ifffii  same  substrate  was 
reused  frequently  end  thus  re-etched  mvval  times  or  an  ina¬ 
dequate  huffier  layer  wae  grown,  a  significantly  larger  Hg 
incorporation  was  found.  Thh  mnnfiat  extreme  care  must 
be  taken  not  only  when  doing  this  type  of  experiment  but 
also  when  preparing  a  substrate  on  which  to  grow  a  supertat- 
rice, 

In  conclusion,  we  have  prmaffid  for  the  first  time  a 
measurement  of  the  amount  of  mareary  incorporated  in  thin 
layers  of  CdTe  grown  under  mercury  flux.  The  growth  con¬ 
ditions  and  the  structures  were  choaaa  to  be  similar  to  those 
in  HgTe-CdTe  superlattices.  Whea  carefully  prepared,  lay- 


TAJSLE  II.  Hf  to  Te  nao  m  CdTe  grown  with  a  Hf  Bui  lioog  with  the 
growth  madiricn*  AO  were  frown  on  a  CdTe  (111)0  busier  layer  but  the 
iattihl  whatrate  waa  varied.  T,  ia  the  eoMrate  temperature.  Eattmated  Hf 

(hut  I.6xlO,Ten",»-1. 


Sshmrn 

(*C> 

CdTepewtk 

nre(A/t) 

1  — * 

(tret  react) 

1  -1 

(bindiffif  enerpct) 

CdTe 

193 

as 

0.030  ±  aooe 

0.043  ±  0.020 

CdTe 

193 

1.0 

0.037  ±a016 

CdTe 

193 

2.0 

oars  ±  aoos 

OaAe 

113 

1.0 

0.063  ±0.007 

0.043  ±  0.020 

GaAt 

193 

1.0 

aoi6±aooi 

ers  grown  on  CdTe  ( 1 1 1  )B  were  found  to  contain  between  3 
and  9%  mercury.  The  amount  of  mercury  waa  found  to  in¬ 
crease  with  the  mercury  flux  and  the  CdTe  growth  rate,  and 
to  decrease  as  the  subetnte  temperature  was  increased.  We 
did  not  observe  any  significant  dependence  of  the  amount  of 
mercury  incorporated  on  the  type  of  substrate  but  there  was 
a  large  dependence  on  the  orientation  of  the  subetnte.  We 
found  that  much  more  mercury  was  incorporated  for  ( 100) 
than  for  (lll)J  prepared  under  the  same  conditions.  We 
thus  expect  the  Hg  incorporation  in  CdTe  ( 100)  to  be  even 
more  important  under  normal  growth  conditions. 14  This  de¬ 
pendence  of  the  amount  of  mercury  incorporated  on  the 
growth  conditions  and  the  substrate  orientation  means  that 
care  not  be  taken  when  comparing  remits  between  differ¬ 
ent  groups.  Aha  dramatic  mcreaaaa  in  the  amount  of  Hg 
incorporated  can  occur  if  the  initial  surface  is  not  properly 
prepared.  Theee  results  indicate  that  the  amount  of  mercury 
incorporated  into  canfoOy  prepared  ( 1 1 1  )B  superlattices  is 
small  enough  that  it  should  not  significantly  influence  the 
characteristics  of  the  tuperiattioes  previously  reported,  and 
in  particular  the  value  of  the  vmknce-band  discontinuity  and 
the  band  gapa 
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ABSTRACT 

This  review  paper  reports  on  growth  by  Molecular  Beam  Epitaxy  and 
characterisation  of  Hg^N^Te-CdTe  (N  -  Cd,  Mn  or  Zn)  superlattices  and 
Hg^Cd^Te-HgTe  heterojunctions  with  a  special  attention  to  the  lnterdlf- 
fusion,  the  valance  band  offset  between  BgTe  and  CdTe  and  the  Type  III  to 
Type  I  transition  In  these  superlattices. 

I .  INTRODUCTION 

HgTe-CdTe  superlattices  have  received  a  great  deal  of  attention  over 
the  last  several  years  as  a  potential  material  for  far-infrared  detectors. 
Since  1979  when  this  superlattice  (SL)  system  was  first  proposed  as  a  new 
material  for  application  In  Infrared  optoelectronic  devices, ^  significant 
theoretical  and  experimental  attention  has  been  given  to  the  study  of  this 
new  superlattice  system.  The  Interest  In  HgTe-CdTe  SL  is  due  to  the  fact 
that  It  Is  a  new  structure  Involving  a  1 1 -VI  semiconductor  and  a  II-VI 
semimetal  and  that  It  appears  to  have  great  potential  as  a  material  for 
Infrared  detectors. 

Most  of  the  studies  have  focused  primarily  on  the  determination  of 
the  superlattice  bandgap  as  a  function  of  layer  thicknesses  and  as  a 
function  of  temperature.  Also,  the  description  of  the  electronic  and  optical 

properties  at  energies  close  to  the  fundamental  gap  has  received  much 
(2-41 

attention.  ' 

The  growth  of  this  novel  superlattice  was  first  reported  In  1982^ 
and  has  subsequently  been  reported  by  several  other  groups.  ' 

The  first  theoretical  calculations  using  either  the  tight  binding  approxi¬ 
mation  with  spin  orbit  splitting^  or  the  envelope  function  approximation^ 
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showed  that  the  bandgap  Eg  of  tha  SL  did  vary  froa  0  to  1.6V  demonstrating 

that  it  could  possibly  used  as  an  infrared  material.  These  first  calculations 

assumed  that  the  valence  band  offset  A  ■  r.„  _  -  r..._  was  small  or  even 

ongxe  oOdTe  .... 

zero  in  agreement  with  the  phenomenological  common  anion  rule.  ' 

Theoretical  calculations  predict  a  narrowing  of  the  SL  bandgap  Eg 
compared  to  the  bandgap  of  the  Hg^_xCdxTe  alloy  with  the  same  composition. 
Also  the  SL  bandgap  is  predicted  to  decrease  as  the  thickness  of  the  HgTe 
layer  (dj)  in  the  super lattice  increases.  It  has  also  been  predicted  that 
in  the  far  Infrared  the  cutoff  wavelength  of  the  SL  will  be  easier  to  control 

than  that  of  the  corresponding  alloy  since  dWd(dj)  of  the  SL  should  be 

(31 

less  than  d\/dx  of  the  alloy.  These  three  predictions  have  been  confirmed 
experimentally.  (**“**)  In  the  classification  proposed  for  heterolnter- 
faces,^*5^  the  HgTe-CdTe  SL  appears  to  belong  to  a  new  class  of  superlattices 
called  Type  III.  This  is  due  to  the  Inverted  band  structure  (Tg  and  Tg) 
in  the  zero  gap  semiconductor  HgTe  as  compared  to  those  of  CdTe,  which  is 
a  normal  semiconductor  [Fig.  1].  Thus,  the  Tg  light-hole  band  in  CdTe 


Fig.  1.  Band  structure  of  bulk  HgTe  and  CdTe.  The  lh,  hh  and  e  indices 
refer  to  light  holes,  heavy  holes  and  electron  respectively. 

becomes  the  conduction  band  in  HgTe.  When  bulk  states  made  of  atomic 
orbitals  of  the  same  symmetry  but  with  effective  masses  of  opposite  signs 
are  used,  the  matching  up  of  bulk  states  belonging  to  these  bands  has,  as 
a  consequence,  the  existence  of  a  quasi-interface  state  which  could  contribute 
significantly  to  optical  and  transport  properties.  Indeed,  we  have 
shown  that  tha  interface  states  could  be  responsible  for  the  high  hole 
mobilities  prvlously  reported  and  not  yet  understood.  (1^,18) 
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Investigations,  the  orientation  of  the  CdTe  fils  is  the  (TTT)Te  face. 

He  have  grown  on  both  CdTe(TTI)  / /GaAs (100)  and  CdTe(100//GaAs(100)  substrates 
and  we  have  seen  a  difference  in  the  mercury  condensation  coefficient. 
This  has  already  been  reported  for  the  growth  of  Bg.  CdxTe  films  on 
substrates  of  different  crystallographic  orientations.  It  turns  out 
that  growing  at  190*C  on  a  (100)  orientation  requires  about  4.4  times  more 
mercury  than  growing  on  a  (TTI)Te  orientation  at  the  sane  temperature. 
But  in  the  (100)'  orientation  no  microtwlnning  due  to  the  formation  of 
antiphase  boundaries  are  observed  which  makes  the  growth  more  easy  to 
control  than  in  the  (TTT)B  orientation. 

In  order  to  obtain  high  quality  superlattices  we  use  typical  growth 
rates  of  3-As-*  for  HgTe  and  lAs-*  for  CdTe.  This  represents  the  best 
compromise  between  the  low  growth  rate  required  for  high  crystal  quality, 
especially  for  CdTe  which  should  be  grown  at  a  higher  temperature  than 
180*C,  and  the  duration  of  the  growth,  which  should  be  as  short  as  possible 
in  order  to  save  mercury  and  to  limit  the  interdiffusion  process  which 
cannot  be  completely  neglected  between  these  Interfaces  (this  will  be 
discussed  later) . 

Compared  to  the  growth  of  HgTe-CdTe  SL  that  of  Hgj  ^CdgTe-CdTe  SL 
presents  an  additional  difficulty  since  we  have  to  control  the  ternary 
alloy  Hg^  ^CdjjTe  instead  of  the  binary  compound  HgTe.  Furthermore,  since 
our  goal  is  the  study  of  the  Type  III  -  Type  I  transition,  the  composition 
(x)  of  the  alloy  should  be  very  well  controlled.  In  order  to  have  the 
necessary  flexibility  for  the  composition  x,  a  Cd  cell  plus  a  CdTe  cell  or 

two  CdTe  cells  are  required.  The  growth  of  Hg.  CdxTe  by  MBE  has  already 

(24)  1_x 

been  discussed  in  numerous  papers  and  the  growth  of  Bg.  Cd^Te/CdTe  SLs 
(18) 

successfully  achieved. v  ’ 

Bg^^MnjjTe-CdTe  SLs  have  been  grown  with  x  ranging  from  0.02  to  0.12 
on  CdTe (ill) //GaAs (100)  substrates  using  three  effusion  cells  containing  Hg, 
Hn  and  Te  for  the  growth  of  the  alloy  and  a  CdTe  cell  for  the  growth  of 
CdTe.<25) 

More  recently  Bg^  xZnxTe-CdTe  SLs  have  been  grown  with  x  ranging  from 
0.02  to  0.15  on  CdTe (ill) //GaAs (100)  substrates  using  three  effusion  cells 
containing  Hg,  Te  and  ZnTe  for  the  growth  of  the  alloy  and  a  CdTe  cell  for 
the  growth  of  CdTe. 

The  proof  that  these  novel  superlattice  systems  have  successfully 
been  grown  is  attested  to  by  X-ray  diffraction,  as  illustrated  in  Fig.  2. 
In  addition  to  the  Bragg  peak  one  can  see  satellite  peaks  due  to  the  new 
periodicity.  The  periods  of  the  SLs  were  measured  from  the  position  of 
the  SL  satellite  peaks  as  determined  by  X-ray.  The  method  for  determining 
the  period  of  a  superlattice  by  X-ray  diffraction  is  commonly  used  and  has 


investigations,  the  orientation  of  the  CdTe  film  is  the  (TTT)Te  face.^22^ 
He  have  grown  on  both  CdTe (TTT)//GaAs(  100)  and  CdTe(100//GaAs(100)  substrates 
and  we  have  seen  a  difference  in  the  aercury  condensation  coefficient. 
This  has  already  been  reported  for  the  growth  of  Hg.  CdxTe  films  on 
substrates  of  different  crystallographic  orientations.  It  turns  out 
that  growing  at  190*C  on  a  (100)  orientation  requires  about  4.4  times  more 
mercury  than  growing  on  a  (TTT)Te  orientation  at  the  same  temperature. 
But  in  the  (100)'  orientation  no  microtwinnlng  due  to  the  formation  of 
antiphase  boundaries  are  observed  which  makes  the  growth  more  easy  to 
control  than  in  the  (TTT)B  orientation. 

In  order  to  obtain  high  quality  superlattices  we  use  typical  growth 
rates  of  3-As-1  for  HgTe  and  lAs-*  for  CdTe.  This  represents  the  best 
compromise  between  the  low  growth  rate  required  for  high  crystal  quality, 
especially  for  CdTe  which  should  be  grown  at  a  higher  temperature  than 
180*C,  and  the  duration  of  the  growth,  which  should  be  as  short  as  possible 
in  order  to  save  mercury  and  to  limit  the  Interdiffusion  process  which 
cannot  be  completely  neglected  between  these  interfaces  (this  will  be 
discussed  later) . 

Compared  to  the  growth  of  HgTe-CdTe  SL  that  of  Bg^  xCdxTe-CdTe  SL 
presents  an  additional  difficulty  since  we  have  to  control  the  ternary 
alloy  Hgj^CdjjTe  Instead  of  the  binary  compound  HgTe.  Furthermore,  since 
our  goal  is  the  study  of  the  Type  III  -  Type  I  transition,  the  composition 
(x)  of  the  alloy  should  be  very  well  controlled.  In  order  to  have  the 
necessary  flexibility  for  the  composition  x,  a  Cd  cell  plus  a  CdTe  cell  or 

two  CdTe  cells  are  required.  The  growth  of  Bg.  CdxTe  by  MBE  has  already 

(241  1-X 

been  discussed  in  numerous  papers'  and  the  growth  of  Hg.  CdxTe/CdTe  SLs 

(181  ^~x 
successfully  achieved.  ' 

Hgj_xMnxTe-CdTe  SLs  have  been  grown  with  x  ranging  from  0.02  to  0.12 
on  CdTe (TTT) //GaAs (100)  substrates  using  three  effusion  cells  containing  Hg, 
Mn  and  Te  for  the  growth  of  the  alloy  and  a  CdTe  cell  for  the  growth  of 
CdTe.<25) 

More  recently  Hg^  xZnxTe-CdTe  SLs  have  been  grown  with  x  ranging  from 
0.02  to  0.15  on  CdTe (ill) //GaAs (100)  substrates  using  three  effusion  cells 
containing  Hg,  Te  and  ZnTe  for  the  growth  of  the  alloy  and  a  CdTe  cell  for 
the  growth  of  CdTe. 

The  proof  that  these  novel  superlattice  systems  have  successfully 
been  grown  is  attested  to  by  X-ray  diffraction,  as  illustrated  in  Fig.  2. 
In  addition  to  the  Bragg  peak  one  can  see  satellite  peaks  due  to  the  new 
periodicity.  The  periods  of  the  SLs  were  measured  from  the  position  of 
the  SL  satellite  peaks  as  determined  by  X-ray.  The  method  for  determining 
the  period  of  a  superlattice  by  X-ray  diffraction  is  commonly  used  and  has 


(26) 

bean  explained  elsewhere.  ’  The  value*  of  the  HgTe  layer  thickness  (dj) 


Fig.  2a.  Room  temperature  X-ray  diffraction  profile 
about  the  222  reflection  of  a  HgQ  92C<1o  08^e_ 
CdTe  superlattice  with  a  period  of  102  A. 


Fig.  2b.  Room  temperature  X-ray  diffraction  profile 
about  the  (111)  ref  lection  of  a  Hgg  87Mn0  13Te- 
CdTe  superlattice  with  a  period  of  112  A. 


Fig.  2c.  Room  temperature  X-ray  diffraction  profile 
about  the  111  reflection  of  a  Hgg  01^®” 

CdTe  superlattice  with  a  period  of  85  A. 
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and  the  CdTe  layer  thickness  (d2>  were  then  calculated  using  the  Cd  and  Hg 
concentrations  measured  by  energy  dispersive  X-ray  analysis  (EDAX) .  In 
order  to  prevent  the  Hg  reevaporation  frost  HgTe  layers  the  Hg  cell  is  left 
open  during  the  growth  of  CdTe  layers.  Thus  a  competition  occurs  between 
Hg  and  Cd.  The  incorporation  of  Hg  in  the  CdTe  layer  depends  critically 
upon  several  parameters  such  as  the  substrate  temperature,  the  crystal 
orientation  and  the  growth  rate.  Measurements  by  secondary  ion  mass 
spectroscopy  (SIMS) ,  wavelength  dispersive  spectroscopy  (WDS) ,  Raman 
scattering  and  EDAX  showed  that  for  a  thick  CdTe  film  grown  under  the  same 
condition  as  we  grow  our  superlattices,  there  was  less  than  5X  Hg  Incorporated 
into  the  film.  Neglecting  this  small  amount  of  Hg,  the  ratio  of  d2  to  the 
period  is  just  the  average  Cd  composition  measured  by  EDAX.  The  error  in 
ignoring  the  Hg  in  the  CdTe  and  the  error  in  the  EDAX  measurement  Itself 
could  lead  to  errors  in  dj  and  d2  of  7  to  8Z.  Nevertheless,  it  has  been 
shown  recently  that  more  mercury  has  to  be  incorporated  in  the  CdTe  layers 

in  order  to  explain  the  far  infrared  reflectivity  spectra  of  several  super- 

(27) 

lattices.  Thus  the  question  is:  does  a  thick  film  represent  what 

fraction  of  Hg  is  incorporated  in  a  thin  film?  Experiments  are  currently 

carried  out  in  order  to  answer  this  question. 

III.  INTERDIFFUSION 

A  very  Important  question  for  the  application  of  this  material  to  opto- 
elactronic  device  is  the  thermal  stability  of  the  HgTe-CdTe  Interface. 
Because  of  the  lower  temperature  used  in  MBE  compared  to  other  epitaxial 
techniques  such  as  LPE,  OMCVD,  or  CSVPE,  the  diffusion  processes  are  more 

limited  in  MBE,  but  the  magnitude  of  this  interdiffusion  has  not  yet  been 

fully  determined. 

To  investigate  the  extent  of  this  interdiffusion,  we  have  carried  out 
temperature-dependent  in  situ  X-ray  diffraction  measurements  on  several 
HgTe-CdTe  samples.  The  estimated  interdlf fusion  constants  D(T)  are  based 
on  the  analysis  of  the  X-ray  of  the  nth  satellite  intensities  as  a  function 
of  time  for  given  temperatures  T. 

In  j  j*  -8(-^~ — )2D<t-to>  where  L  =  dj  +d2  is  the  periodicity 

(28) 

of  the  superlattice.  The  interdiffusion  measurements  were  carried  ■-•ut 

using  several  different  techniques  to  hold  and  heat  the  sample.  These 

heating  methods  called  respectively  radiative  or  conductive  have  been 

(29) 

described  elsewhere.  From  the  slopes  of  the  intensity  of  the  first- 

order  satellite  peak  versus  time  we  have  calculated  the  lnterdlffuslon 
coefficients  for  five  different  samples  annealed  at  185*C  which  is  the 
usual  growth  temperature.  The  results  reported  in  table  I  show  a  large 
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variation  for  th#  diffusion  constant  calculated  at  185*C.  D  for  SL  13  is 
fifty  times  higher  than  for  SL  54.  Me  think  that  part  of  this  difference 
may  be  due  to  the  experimental  method.  Nevertheless  a  difference  of  about 
an  order  of  magnitude  is  observed  for  different  superlattices  measured  by 
the  same  heating  technique.  The  various  values  obtained  from  different 


Table  1.  Results  of  in-situ  interdiffusion  measurements  on  EgTe-CdTe 
super lattices  grown  at  185*C  in  the  (TTT)B  orientation 


Sample  # 

#  Periods 

Period 

L(A) 

HgTe 

dl(A) 

CdTe 

d2a> 

Substrate  Heating  Diffusion 

method  4.  D(185*C) 

Environment  (cm*s  ) 

fordiffusion 

SL13 

250 

15 

97 

60 

GaAs 

radiative 

3.0xl0-18 

SL49 

142 

97 

35 

62 

CdZnTe 

helium 

radiative 

1.8xl0'18 

SL52 

190 

97 

36 

61 

GaAs 

helium 

radiative 

3.0xl0~19 

SL54 

180 

69 

44 

25 

GaAs 

helium 

conductive 

6. 3x10” 20 

SL48 

170 

94 

42 

52 

CdTe 

mercury 

conductive 

7 .0xl0-20 

helium 

HgTe-CdTe  super lattices  to  this  date  emphasize  that  some  material  specifi¬ 
cations  should  be  assessed  before  attributing  too  much  importance  to  the 
direction  of  the  heat  flow  through  the  superlattice.  These  material 
specifications  can  all  contribute  in  many  ways  to  the  magnitude  of  the 
diffusion  coefficients.  They  are  (i)  the  density  of  the  vacancies;  (ii) 
the  content  and  nature  of  the  impurities;  (ill)  the  density  and  type  of 
dislocations;  (iv)  the  roughness  of  the  heterojunctions ;  (v)  the  quality 
of  the  superlattice  which  can  be  estimated  by  the  number  of  satellite 
peaks  observed  on  each  side  of  the  control  peak;  (vi)  the  growth  rate, 
which  might  be  related  to  vacancies,  impurities  and  dislocations;  and 
(vii)  the  nature  of  the  substrate  and  that  of  the  buffer  layer,  as  well  as 
the  lattice  mismatch  between  these  two  components  of  the  superlattice. 

Furthermore  our  results  indicate  that  interdiffusion  is  concentration 
dependent  and  thus  the  interpretations  of  these  results  will  have  to  be 
somewhat  modified. 


It  is  important  to  point  out  that  a  diffusion  constant  D(185)  in  the 
range  of  3  x  10  ^  -  3  x  lO^cm^s  ^  is  consistent  with  extrapolation  of 
data  obtained  by  a  different  group  working  on  the  interdiffusion  in  HgTe- 
CdTe  single  junction. 

Despite  this  dispersion  in  the  results  it  turns  out  that  the  thickness 
of  the  intermixed  layer  caused  by  annealing  at  the  growth  temperature  of 
185*C,  calculated  from  the  relation  1  =  /DTT,  cannot  be  neglected  for  thick 
superlattices  required  for  IR  detectors. 

Despite  these  evidences,  discussions  about  interdiffusion  during  the 
growth  kept  on  being  heard,  whether  this  phenomenon  is  present  or  not.  In 
order  to  answer  this  question  we  have  grown  two  thick  HgTe-CdTe  SLs  in  the 
(TIT)B  orientation  on  GaAs(lOO)  at  185* C.  Table  II  shows  the  growth  data 
and  the  period  computed  from  the  1.476A  X-ray  data.  Three  different 
wavelengths,  0.709A,  1.282A  and  1.476A  were  used  to  characterize  these  two 
SLs.  The  absorption  of  the  X-rays  is  used  as  a  tool  to  probe  various 


Table  2.  Characteristics  of  HgTe-CdTe  superlattices  grown  on  GaAs(lOO)  in 
the  (TTTB  orientation  at  135*C 


SL  #  #  of  period 

Period 

Duration  of 

Thickness 

(A) 

growth 

(pm) 

SL93  320 

198 

6h58 

6.34 

SL95  420 

157 

8hl8 

6.60 

depths  in  the  SL.  Results  are  similar  for  both  SLs.  It  is  seen  (Fig.  3) 
that  the  softest  wavelength  (1.476A)  produces  the  cleanest  and  the  best 
diffraction  spectrum,  emphasizing  that  the  top  of  the  SL  has  Interfaces 
much  sharper  than  those  near  the  interface  with  the  buffer  layer. 

«  - - — _  _ _ 
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Omeg*  (degrees) 
Fig.  3a. 
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Fig.  3b. 


Omaga  (dagraaa) 

Fig.  3c. 

Fig.  3.  Rood  temperature  X-ray  diffraction  profile 
about  the  222  reflection  of  SL95  X-ray 
wavelength:  (a)  0.709  A,  (b)  1.282  A,  (c) 

1.476  A. 

This  indeed  Indicates  that  significant  interdiffusion  occurred  during 
the  growth  of  these  superlattices  in  agreement  with  in  situ  measurements 
done  on  similar  superlattices. 

In-situ  interdiffusion  measurements  on  X-alloyed  Hg^_xXxTe/CdTe 

superlattices  (X  -  Cd  and  Mn  for  this  study)  reveal  that  superlattices 

C31) 

with  x  >  0  are  more  stable  than  HgTe/CdTe  superlattices.  '  These  alloyed 
superlattices  have,  therefore,  a  better  chemical  stability,  hence  longer  device 
lifetime  than  the  non-alloyed  ones,  slowing  for  technological  developments 
to  proceed.  It  is  hypothesized  that  the  differences  between  Fourier 

components  of  the  diffusion  coefficients  D(T)  are  due  to  Cd-  and  Mn-substi- 


s 


tut  lone  which  presumably  alow  down  lntorstltlal  and  vacancy  notion* . 

IV.  SUPERLATTICE  BANDCAPS 

At  low  temperature,  a  praclta  determination  of  tha  SL  band  gap  can  ba 

132  33} 

obtalnad  from  far- infrarad  nagnato-abaorptlon  experiment*.  *  Whan  a 
strong  nagnatic  fiald  B  la  applied  parpandicular  to  tha  SL  layers,  tha 
subbands  ara  split  Into  Landau  lavals.  At  low  tenparatura  (T  -  4K) ,  the 
Infrared  transmission  signal ,  recorded  at  fixed  photon  energies  as  a 
function  of  B,  presents  pronounced  minima  which  correspond  to  tha  resonant 
Interband  magneto-optical  transitions  between  the  valence  and  conduction 
Landau  levels.  The  Landau  level  energies  and,  therefore,  the  interband 
transitions  energies,  can  be  calculated  In  the  framework  of  the  envelope 
function  model.  ^*3*^  Good  agreement  between  theory  and  experiment  is 
obtained  for  A  In  the  range  (0-100  meV) ,  taking  Into  account  the  uncer¬ 
tainties  In  the  sample  characteristics.  The  SL  band  gap  is  obtained  by 
extrapolating  the  energies  of  the  observed  transition  to  B  •  0.  Figure  4 
shows  the  SL  band  gap  deduced  from  such  experiments  in  four  different 
samples  at  2K.  The  solid  lines  in  Figure  4  represent  the  theoretical 
dependence  Eg(d^)  calculated  for  d2  ■  20,  30  and  50A  using  A  «  40  meV.^35^ 
Experiments  and  theory  are  in  very  satisfying  agreement,  when  A  Is  small 
and  positive.  _ 


Fig.  4.  Variation  of  the  band  gap  of  different  hgTe- 
CdTe  superlattices  at  2  K  as  a  function  of 
the  HgTe  layer  thickness  (dj) .  The  experimental 
data  are  given  by  the  solid  dots’;  for  each 
sample,  the  first  number  corresponds  to  dj 
and  the  second  one  to  d2  which  is  the  CdTe 
layer  thickness.  The  solid  lines  are  theoretical 
fits  for  three  values  of  d2> 


In  order  to  deteraine  the  SL  cutoff  wavelength.  Infrared  traneaiselon 
apectra  ware  Maeured  between  400  and  5000  ca  x  at  300K.  The  abcorptlon 
coefficient  (a)  wee  calculated  veraue  wavelength  and  the  cutoff  wavelength 
waa  defined  to  be  the  wavelength  where  a  la  equal  to  1000  ca  *.  The 
abaorptlon  coefficient  waa  obtained  by  taking  the  negative  of  the  natural 
logaritha  of  the  tranealaaion  apectrua  and  then  dividing  by  the  thlckneaa 
of  the  SL.  Even  though  the  accuracy  of  thia  kind  of  deteralnatlon  la 
queatlonable  and  the  value  of  1000  ca-*  for  a  la  rather  arbitrary,  we  have 
found  that  the  valuea  of  the  cutoff  deteralned  in  thia  way  are  In  fairly 

(36) 

good  agreeaent  with  thoae  deteralned  by  photoconductivity  threshold.  ' 
The  bandgap.  In  eV,  la  juat  1.24  divided  by  the  cutoff  wavelength  in  pa. 
We  do  not  aean  to  laply  that  thia  technique  glvea  an  abaolute  aeaaure  of 
the  bandgap.  Rather,  it  glvea  a  conalatent,  firat  order  value.  The 
aethod  la  quite  reproducible  (within  5X)  and  quite  alaple.  It  la  alao  quite 
uaeful  to  deteralne  SL'a  HgTe  layer  thlckneaa. 

We  have  previoualy  found  that  thia  aethod  la  not  very  accurate  for  thin 
auperlattlcea.(ll)  Nevertheleaa,  theae  lnveatigatlona  confirm  that  the 
bandgap  of  the  SL  la  leaa  than  that  of  the  equivalent  alloy  and  that  it 
decreaaea  aa  the  HgTe  layer  thlckneaa  (d}>  la  increaaed,  aa  Illustrated  in 
Table  3. 

The  theoretical  value  of  the  SL  bandgap  la  obtained  froa  the  SL  band 

structure  at  It  *  0,  calculated  using  the  envelope  function  approxlaa- 

tlon.^2’^  The  band  structures  of  HgTe  and  CdTe  near  the  r  point  are 

described  by  the  6x6  Kane  Haalltonian  taking  Into  account  Tg  and  Tg  band 

edges.  The  Interaction  with  the  higher  bands  Is  Included  up  to  the  second 

order  and  la  described  by  the  Luttlnger  parameters  Yj ,  Yj  •  Y3  ■  Y  (spherical 

approxlMtlon) ,  and  K.  In  this  calculation  it  la  assuaed  that  teaperature 

variation  of  Yj ,  Y  and  K  between  4  and  300  K  arises  essentially  froa  the 

variation  of  the  Interaction  gap  c0  between  the  Tg  and  Tg  band  edges.  For 

a  HgTe-CdTe  superlattice,  a  systea  of  differential  equations  la  established 

for  the  aulti-coaponents  envelope  function.  The  boundary  conditions  are 

obtained  by  writing  the  continuity  of  the  wave  function  at  the  interfaces 

and  by  integrating  the  coupled  differential  equations  across  an  interface. 

Taking  Into  account  the  superlattice  periodicity,  the  dispersion  relation 

of  the  superlattice  la  obtained.  Froa  this,  the  superlattice  bandgap  aa  a 

f2  32) 

function  of  the  HgTe  and  CdTe  layer  thicknesses  can  be  found.  ' 


Table  3.  Characteristic*  of  HgTe-CdTe  superlattice  grown  in  the  (111) 
orientation.  The  superlattice  bandgaps  are  determined  froa  rooa 
teaperature  infrared  transalssion. 


SL# 

HgTe 

a> 

CdTe 

a> 

SL 

BANDGAP 

(■•V) 

COMPOSITION 

ALLOY 

BANDGAP 

(meV) 

1 

40 

20 

155 

0.33 

335 

2 

40 

60 

225 

0.60 

712 

4 

74 

36 

125 

0.33 

325 

5 

97 

60 

100 

0.38 

401 

6 

110 

48 

90 

0.30 

295 

7 

86 

50 

114 

0.37 

383 

8 

81 

34 

113 

0.29 

281 

9 

53 

34 

167 

0.39 

413 

10 

47 

30 

175 

0.39 

412 

11 

83 

47 

117 

0.36 

374 

14 

75 

31 

116 

0.29 

281 

15 

58 

47 

162 

0.45 

491 

16 

58 

28 

135 

0.33 

325 

17 

63 

37 

145 

0.37 

385 

18 

36 

61 

250 

0.63 

757 

19 

50 

36 

180 

0.42 

452 

22 

46 

48 

200 

0.51 

581 

30 

107 

91 

92 

0.46 

478 

31 

66 

91 

144 

0.58 

684 

Figure  5  presents  a  comparison  of  the  experimental  and  theoretical 
bandgaps.  The  solid  lines  correspond  to  the  calculated  dependence  Eg(d^) 
for  d2  -  10.  20,  30,  40  and  100  A  at  300K.  An  offset  A  -  40  aeV(35) 
between  the  HgTe  and  CdTe  valence  band  edges  is  used  in  these  calculations. 
There  is  good  agreement  if  one  considers  the  uncertainties  in  the  HgTe  and 
CdTe  parameters  used  in  the  theoretical  calculation  and  the  uncertainties 
in  the  experimental  determination  of  the  layer  thickness.  For  the  SLs  with 
d2  between  35  A  and  60  A,  an  Interesting  trend  can  be  seen.  For  the 
larger  values  of  d2,  the  experimental  Eg  is  larger  than  the  theoretical. 
For  the  smaller  values  of  d2,  this  is  just  reversed.  This  suggests  some 
sort  of  systematic  discrepancy  between  the  experimental  data  and  the 
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Fig.  5.  Variation  of  tha  band  gap  of  different  HgTe-CdTe 
euperlatticee  at  300  i  u  a  function  of  the  HgTe  layer 
thlcknaaa.  The  aaaplea  characteristic*  are  Hated  in 
Table  II  and  the  experimental  data  correapond  to  the 
aolid  circles  (17  i  d2  >  24),  croeaea  (25  >  d2  l  60). 

The  aolid  llnea  are  theoretical  flta  for  different 
valuee  of  the  CdTe  layer  thlcknaaa  (d2) . 

theoretical  predictiona.  A  similar  dlacrepancy  was  seen  for  bandgaps 

(37) 

determined  by  infrared  photolumlnescence . v  '  For  this  reason,  we  believe 
that  this  dlacrepancy  between  theory  and  experiment  la  not  due  to  the 
experimental  technique . 

This  discrepancy  suggests  that  the  experimental  data  may  have  a  different 
functional  form  than  the  theoretically  predicted  one.  To  examine  this 
problem  more  closely  Xc  has  been  plotted  on  Fig.  6  as  a  function  of  the 
HgTe  layer  thickness  dj ,  for  SLa  having  a  CdTe  layer  thickness  (d2)  greater 
then  40 A ,  along  with  the  theoretical  curve  provided  by  Y.  Guldner.  Using 
the  technique  described  above  to  determine  Xc,  we  have  measured  a  value  of 
13.6pm  for  Xc  of  HgTe.  He  believe  that  this  is  the  limit  of  the  technique. 

A  least  squares  fit  was  performed  on  the  data  to  determine  the  equation 
of  the  relationship  between  Xc  end  dj.  Both  linear  and  quadratic  terms  in 
dj  were  included  in  the  fit.  The  coefficient  of  the  quadratic  term  was 
found  to  be  4  orders  of  magnitude  smaller  than  the  coefficient  of  the 
linear  term.  The  resulting  linear  relation  was: 

Xc  (pm)  »  0.1184  dj  (A)  +  0.78 


The  solid  line  in  Figure  6  corresponds  to  this  equation.  If  the  line  is 


extrapolated  back  to  dj  «0,  a  value  of  Xc  »  0.78pa  la  obtained.  The  Ve 
of  CdTe  ahould  be  about  0.83pa.  Thie  le  in  reasonable  agraeaent  with  the 
value  obtained  by  extrapolation  of  our  equation.  This  linear  relation 
between  the  cutoff  wavelength  and  the  HgTe  layer  thickness  Is  not  predicted 
by  theory  as  it  can  be  seen  In  Fig.  6. 


Fig.  6.  Cut-off  wavelength  of  HgTe-CdTe  superlattices 
at  roon  teaperature  as  a  function  of  the 
BgTe  layer  thickness  (d2  >  40  A).  The 
experlaental  data  are  given  by  the  circles 
and  the  solid  line  is  the  linear  fit.  The 
dotted  line  is  the  theoretical  curve  calculated 
by  Y.  Guldner. 

Thus  we  found  a  difference  between  theory  and  experinent  In  the  functional 
fora  for  the  relationship  between  \c  and  dj,  This  is  true  In  spite  of  the 
fact  that  theoretical  predictions  and  experlaental  aeasurenente  give  about 
the  saae  value  for  the  superlattice  bandgap.  The  cause  for  the  discrepancy 
Is  not  clear  at  this  tine. 

Infrared  photolualnescenca  of  several  HgTe-CdTe  SLs  have  been  aeasured 
as  a  function  of  teaperature  fron  liquid  hellua  to  300K.^  The  SLs  were 
grown  on  both  GaAs  and  Cd^^Zi^Te  substrates  with  HgTe  layer  thicknesses 
ranging  froa  22A  to  85A  and  CdTe  layer  thicknesses  froa  18A  to  62A. 
Photolualnescenca  peak  positions  were  observed  over  the  range  froa  3pa  to 
17pa  (E  -  0.4  to  0.07eV).  For  SLs  with  HgTe  layers  60A  to  85A  thick  it  is 
found  that  the  photolualnescence4  peak  positions  as  a  function  of  teaperature 
agree  fairly  well  with  the  predicted  bandgap  using  a  small  value  (0.04eV) 
for  A . 

For  superlatticas  with  thinner  HgTe  layers  (22A  to  45A)  the  predicted 
bandgaps  were  at  higher  energy  than  the  photolualnescenca  peak  positions. 


15 


It  is  possible  to  use  the  cutoff  wavelengths  determined  bp  IE  transmi¬ 
ssion  to  go  one  step  further  In  finding  how  V-  depends  upon  the  layer 
138) 

thicknesses.  '  This  data  can  be  used  to  determine  an  empirical  formula 
for  Xc  as  a  function  of  both  dj  and  d2-  A  least  squares  linear  fit  has 
been  performed  on  each  of  the  sets  of  points  with  a  similar  value  for  d2> 
The  lines  are  shown  in  the  Fig.  7.  From  these  fits  it  is  clear  that  the 
intercept  is  approximately  constant  and  is  therefore  independent  of  the 
CdTe  layer  thickness.  But  the  slope  of  the  lines  does  depend  upon  d2 . 


to  40  so  SO  100  120 


HflTe  Layer  Thickness  (A) 

Fig.  7.  Variation  of  the  cutoff  wavelength  of  different 
HgTe-CdTe  super lattices  at  room  temperature 
as  a  function  of  the  HgTe  layer  thickness. 

The  data  is  grouped  by  CdTe  layer  thickness. 

The  lines  are  least  squares  linear  fits  of 
each  group  of  data. 

The  slopes  can  then  be  fit  to  some  functional  form.  The  resulting  function 
of  dj  and  d2  is 

Xc(yim)  -  [0.3666  exp(-0.0034d2>  +  0.118]  dj  +  0.78 
V.  VALENCE-BAND  DISCONTINUITY 

The  band  structure  of  HgTe-CdTe  superlattices  have  been  calculated  by 
using  the  LCA0  or  the  envelope  function  models  which  give  very  similar 
results.  An  important  parameter,  which  determines  most  of  the  HgTe-CdTe 
SL's  properties,  is  the  valence  band  discontinuity  A  between  HgTe  and 
CdTe.  The  value  of  A  is  presently  disputed. 


Many  nodal*  havn  bnnn  rncnntly  developed  to  calculate  the  band  diacon- 

tlnultiaa.  For  heterojunction*  between  compounds  having  the  saaa  anion 

auch  aa  tellurium  It  haa  bean  poatulatad  froa  the  phenomenological  "common 

anion  rule"^3^  that  the  valence  band  dlacontlnuity  a  la  aaall  i.e.<0.1eV. 

(\q\ 

Thia  prediction  la  aupported  by  tight  binding  calculations.  But 
recant  theoretical  reaulta,  baaed  on  the  role  of  interface  dipolee  do  not 
aupport  the  common  anion  rule  and  predict  a  auch  larger  value  A  »  0.5eV.^^ 
Such  a  large  value  haa  alao  been  calculated  recently  with  a  natural  lining- 
up  without  any  dipole  contribution:  0.26eV^^  and  0.36aV^^. 

The  flrat  experimental  determination  of  A  waa  obtained  froa  far-infrared 
magneto-optical  experlaenta  at  T  ■  1.6K  on  a  superlattice  conalating  of 
100  perioda  of  HgTe  (180A)  -  CdTe  (44 X) .  The  beat  agreement  between 
experiment  and  theory  (done  in  the  envelope  function  approximation)  waa 
obtained  for  A  *  40  aeV. 

Since  then,  additional  aagneto-abcorptlon  experlaenta  have  been  performed 
on  aeveral  other  SLa  and  it  haa  been  conatantly  found  that  a  email  positive 
offaet  A  within  the  llaita  (0-100meV)  provides  the  best  fit.^33^ 

Resonant  Raman  Scattering  waa  applied  recently  to  investigate  electronic 
properties  of  HgTe  -  CdTe  SLs.  From  these  experiments,  it  haa  bean  shown 
that  the  r7  holes  are  confined  in  the  CdTe  layers  which  implies  an  upper 
limit  of  120  aeV  for  A.<43) 

As  we  discussed  before,  IR  photoluaineacence  measurements  agree  fairly 
well  with  predicted  bandgaps  using  a  small  value  for  A. 

On  the  other  hand,  photoemlasion  has  been  demonstrated  to  be  moat  valuable 
for  providing  direct  and  microscopic  understanding  of  heterojunction  band 
discontinuities. 

Figure  8a  illustrates  schematically  the  principle  for  measuring  A  •  AEy 
at  the  Interface  between  two  semiconductors  A  and  B  with  XPS.  If  AEy  is 
small  (i  0.5  eV) ,  as  for  the  Te-based  heterojunctions,  a  direct  investigation 
of  the  valence-band  edges,  E$  and  eJ,  is  unrealistic.  Indirect  measurement 
involving  core  levels  have  to  be  used.  By  selecting  two  core  levels,  e£ 
and  E®^,  well  resolved  in  energy  and  by  measuring  their  energy  difference 
AE^  across  the  Interface,  AEy  can  be  directly  deduced  according  to  the 
following  relation  [see  Fig.  8b].^'^ 

AEy(A-B)  -  AEc1(A-B)  +  (E^  -  E$)  -  (eJj  -  E®)  (1) 

Ec^  -  Ev,  the  binding-energy  (BE)  differences  between  the  core  level  and 
the  top  of  the  valence  band  for  each  semiconductor,  are  determined  indepen¬ 
dently  on  the  bulk  semiconductors.  All  information  pertinent  to  the 
Interface  in  relation  (1)  are  clearly  contained  in  AEc^(A-B). 
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Commutativity  hold*  If  AE^A/B)  “  AEy(B/A). 


ds  5  -  40  A 


Fig.  8.  Principle  of  determining  A Ey  =  A  with  XPS. 

(a)  By  Irradiating  with  X-rays  semiconductor 
A  covered  by  overlayer  of  semiconductor  B, 

XPS  spectra  of  both  semiconductors  are 
recorded  if  overlayer  thickness  is  smaller 
than  electron  escape  depth.  (b)  Schematic 
flat-band  energy  diagram  illustrating  relation 
(1). 

A  was  neasured  recently  by  XPS  and  a  large  value  A  *  0.35  eV  was  ob- 
(45) 

talned.  This  value  was  determined  from  a  unique  sample,  grown  in  one 

chamber  and  analyzed  in  another  chamber  after  exposure  to  air. 

In  order  to  clarify  whether  there  is  a  discrepancy  between  optical  and 
XPS  data  and  also  in  order  to  verify  the  commutativity  rule  not  obtained 
for  the  GaAs/AlAs  system  we  have  performed  very  careful  XPS  measurements 
under  well  controlled  conditions. 

The  investigated  interfaces  have  been  grown  in  situ  by  molecular-beam 
epitaxy  with  a  RIBER  2300  system.  Epitaxy  came  out  in  the  (111)  orientation 
with  Te-rich  face  as  controlled  by  reflection  high-energy  electron  diffraction. 
Linearity  test  as  well  as  meaningful  comparison  with  theory  requires 
interfaces  to  be  abrupt  at  the  atomic  scale.  Thus  the  growth  temperature 
was  maintained  at  190*C,  a  temperature  known  to  give  no  lnterdlf fusion 
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•croc*  the  interface  whan  growth  tlae  la  short.  Moreover,  the  interface 
abruptness  is  Inferred  f roa  the  exponential  attenuation  with  overlayer 
thickness  of  the  substrate  XPS  peak. 

The  saaples  were  directly  transferred  to  the  attached  spectroaeter , 
at  a  preasure  of  10'^  Torr,  without  transiting  through  the  air.  No  conta¬ 
mination  occurs,  avoiding  any  cleaning  procedure.  The  XPS  spectroaeter  is 
a  SSX-100  aodel  from  Surface  Science  Laboratories  using  a  aonochroaatized 
and  focussed  Al,  Ka  excitation  line.  The  overall  energy  resolution  measured 
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levels  .Vl2.ct.d  in  this  work  are  the  resolved  spln-orblt  components 
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5&.  nearly  lattice-aatched  HgTe-CdTe(TTT)B  heterojunctions  have  been 
Investigated  here  in  great  detail.  Figure  9  shows  the  results  for  aEq^, 

the  binding-energy  difference  between  E„ .  and  En  . ,  ,  at  different 

cd4d5/2  Hg5d5/1 

over layer  thicknesses  for  the  two  reverse-growth  orders.  dEcl  Is  found  to 
be  independent  of  the  overlayer  coverage.  Meanwhile  the  Feral-level 
position  at  the  interface  is  varying  by  0.2  eV  with  coverage.  This  lack 

of  sensitivity  of  dEy  toward  Interface  Feral-level  position,  as  previously 
fA71 

reported  for  GaAs-Ge,  provides  the  first  hint  of  linearity,  in  suggesting 
a  dEv  "pinning"  by  the  alignment  of  some  reference  levels  across  the 
heterojunction.  Second,  dE^  la  identical  for  the  two  growth  orders  and 
equal  to  2.696  ±  0.030  eV.  The  experimental  uncertainly  is  given  by  the 
standard  deviation,  4,  for  the  aeasurements . 


Fig.  9.  dE^  accross  HgTe-CdTe  interface  as  a  function 
of  growth  order  and  coverage  (open  oval , 

CdTe  over  HgTe;  filled  oval  HgTe  over  CdTe) . 

To  obtain  (E^  -  Ey)  used  in  relation(l),  Ev  is  simply  located  by  linear 
extrapolation  of  the  valence-band  leading  edge.  This  procedure  is  well 
justified  by  the  close  similarity  of  the  band  structure  of  the  tellurides 
near  Ey  [see  Fig.  10].  It  is  quite  accurate  as  shown  by  the  4  over  numerous 


■eatur events  on  independent  samples:  E  Cd4d  -  *  10.145  ±  .030  eV 

and  2T2g5d25/2  -  4gT#  *  7.805  ±  0.020  eV.  5/2 


Fig.  10.  Linear  extrapolation  of  valence-band  leading 
edge  locate*  the  *aae  characteristic  feature 
of  the  bands  taken  as  Ey.  The  spectra  are 
shifted  to  align  Ev. 

Then  AEy.  ■  A  derived  for  HgTe-CdTe  Is:  0.36  ±  0.05  eV.  This  value 

compares  very  closely  with  ref.  45.  Bence  the  discrepancy  of  XPS  with 
magneto  optical  data  Is  confirmed  but  not  understood  at  the  present  time. 
Magneto-optical  data  at  2K  as  well  as  the  Infrared  transmission  measurements 
that  we  have  performed  at  300K  cannot  be  Interpreted  by  using  such  a  large 
valence  band  offset  either  In  the  envelope  function  model  or  in  the  LCA0 
approach.  In  fact,  most  of  the  investigated  SLs  are  calculated  to  be 
semlmetalllc  at  4K  for  A  »  0.35eV  which  Is  not  compatible  with  the  magneto¬ 
optical  data.  It  should  be  pointed  out  that  XPS  measurements  were  carried 
out  at  300K  on  single  and  perfectly  abrupt  heterojunctions  whereas  magneto¬ 
optical,  RRS  and  IR  photoluminescence  are  performed  at  low  temperature  on 
multijunction  structures  where  some  interdiffusion  cannot  be  completely 
ruled  out .  , 

In  addition.  If  an  appreciable  amount  of  mercury  is  incorporated  during 
the  growth  In  the  CdTe  layers  that  could  change  the  theoretical  calculation 
for  Eg  and  hence  the  fitting  parameter  which  is  precisely  the  valence  band 
offset. 

XPS  measurements  are  currently  undertaken  in  the  laboratory  on  multi¬ 
layered  structures  grown  under  the  same  conditions  than  superlattices  in 

% 

order  to  shed  some  light  on  this  discrepancy. 

The  present  center  of  the  theoretical  debate  on  the  understanding  of 
A  is  the  role  played  by  dipoles  at  the  interface.  The  core  level  to  valence 
band  maximum  binding  energy  shifts  have  been  measured  by  XPS  for  Bg^ 


(49) 

^Cd^T#  alloys.'  7  Dua  to  snail  charge  transfer  and  core  level  shifts, 

these  shifts  are  mainly  due  to  valence  band  maximum  shifts.  We  found  that 

the  sum  of  the  valence  band  shift  for  HgTe  and  CdTe  in  Hg^  xCdxTe  is 

constant  for  the  entire  range  of  the  alloy  composition  x  and  equal  to  0.35 

eV.  This  value  coincides  exactly  with  the  valence  band  discontinuity 

measured  for  HgTe-CdTe  heterojunction.  Therefore  we  conclude  that  there 

is  no  need  for  interface  dipole  to  explain  the  large  valence  band  offset 

in  agreement  with  another  investigation  performed  on  the  alloy  Hg.  ,CdA  , 
t.(50)  °-7  °-3- 

VI.  TRANSPORT  PROPERTIES  -  TYPE  III-TYPE  I  TRANSITION 

One  of  the  most  interesting  unanswered  questions  of  HgTe-CdTe  super¬ 
lattices  is  the  mobility  enhancement  in  the  p-type  structures.  Hole  mobilities 
have  been  reported  as  high  as  30,000  cm^/V.sec,  but  all  are  above  1,000 
cm^/V.sec.  Mixing  of  light  and  heavy  holes  has  been  suggested  for  the 
enhancement  of  the  hole  mobilities . Several  theoretical  investigations 
have  been  carried  out  to  study  chis  problem.  The  band  structure  calculation 
has  been  refined  using  a  multi-band  tight  binding  model^517  and  the  effect 
of  the  lattice  mismatch  between  the  HgTe  and  CdTe  has  been  investigated.^51,52^ 
These  studies  conclude  that  the  light  holes  should  not  contribute  to  the 
ln-plane  transport  properties. 

In  order  to  investigate  this  interesting  problem  we  have  grown  related 
superlattice  systems  i.e.,  Hg^Cc^Te-CdTe ,  Hg^MrixTe-CdTe  and  Hg^Zi^Te- 
CdTe.  HgTe-CdTe  is  called  a  Type  III  superlattice  because  of  the  inverted 
band  structure  of  HgTe.  In  Hg^CdjjTe-CdTe  SL  system  at  T  *  77K  when  x  is 
smaller  than  0.14  it  is  a  type  III  SL.  Whereas,  when  x  is  larger  than 
0.14  it  is  a  Type  I  SL,  similar  to  GaAs-AlG&As  SL,  since  HgCdTe  is  now  a 
semiconductor  with  both  electrons  and  holes  confined  in  the  smaller  bandgap 
material  [see  Fig.  11], 

This  Type  III  -  Type  I  transition  is  also  expected  to  occur  in  Hg^  xMnxTe- 
CdTe  SLs  for  x  -  0.07-0.08  and  in  HglxZnxTe  -  CdTe  SLs  for  x  -  0.10-0.12 
(the  effect  of  the  strain  has  not  been  taken  into  account). 

Near  the  transition,  strain,  valence  band  offset,  alloy  disorder,  native 
defects,  compensation  are  the  same  in  Type  III  and  Type  I  superlattices. 

The  only  difference  is  the  existence  of  interface  states  in  type  III 
SL  but  not  in  Type  I  SL. 
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Fig.  11.  Band  structure  of  bulk  HgTe ,  CdTe  and  Hg^  ^CdxTe 
illustrating  Type  III  and  Type  I  SL  configura¬ 
tion. 


In  table  4  the  Hall  characterization  of  several  SL  samples  is  reported. 
It  is  Interesting  to  note  that  if  for  Hg^  ^CdjjTe/CdTe  and  Hg^  xZnxTe/CdTe 
SL  systems  p  type  superlattices  have  been  grown  none  of  the  Hgj^MnjjTe- 
CdTe  SLs  are  p-type.  This  difference  along  with  the  continuous  drop  of 
the  electron  mobility  is  not  currently  understood  since  n  and  p  type  Hg1 
xMnxTe  layers  have  been  grown  by  MBE  with  high  electron  hole  mobilities.  ' 
Table  4  and  Fig.  12  show  that  the  hole  mobility  drops  drastically  between 


Fig.  12.  Ball  mobility  for  holes  in  Hg^  xCdxTe- '  lie 
and  Hg^  xZnxTe-CdTe  Type  III  and  Type  I  SLs. 

Type  III  and  Type  I.  (More  Hg^  xZnxTe-CdTe  SLs  should  be  Investigated  in 
the  Type  I  region  since  only  one  is  reported).  All  these  superlattices 

have  been  grown  in  the  (lll)B  orientation  on  GaAs(lOO)  substrate.  It  has 

(13) 

been  previously  reported  that  HgTe-CdTe  SLs  grown  on  GaAs  exhibit  lower 


p-type  nobilities  (pg  -  103-10^cm2V  *s  ^  range)  than  those  grown  on  CdTe  23 

or  CdZnTe  (pg;  104-103cm2V  ^s  *  range).  If  the  sane  tendency  is  observed 
for  Bgj^CdjjTe-CdTe  SLs  it  is  not  the  case  for  Bg^  xZnxTe-CdTe  SLs  since  a 
hole  mobility  as  high  as  2  x  104cm2V  s  1  is  observed  for  sample  #48688. 

In  this  system  a  uniaxial  compresslonal  strain  which  exists  in  Bg^  ^Zn^Te 
layers  could  play  a  role  in  the  hole  mobility  by  pushing  up  the  light  hole 
band. 

In  comparison  hole  mobilities  in  Type  I  are  in  the  102-103cm2V_^s~^ 
range,  or  even  lower,  which  is  the  usual  range  for  p  type  Bg^  ^NxTe  alloys. 

Thus  we  are  dealing  with  a  bole  mobility  enhancement  in  Type  III  SLs  and 
not  a  hole  mobility  decrease  in  Type  I  SLs.  This  strongly  suggests  that 
the  mobility  enhancement  is  related  to  the  presence  of  the  interface 
states  since  it  is  the  only  change  occuring  during  the  transition.  It  is 
not  surprising  that  no  sudden  change  in  the  electron  mobility  is  observed 
in  n-type  Bg^  ^Mn^Te-CdTe  SLs  since  the  interface  states  involved  in  the 
transition  have  a  light  hole  character  and  are  not  supposed  to  affect  the 
mobility  of  electrons. 

Table  4.  Characteristics  of  Hg^  ^NjjTe-CdTe  (N  =  Cd,  Mn  or  Zn)  superlattices 
grown  at  190#C  on  CdTe(lll)/GaAs(100)  substrates.  The  Ball 
mobilities  were  measured  at  30K  except  for  sample  No.  18124  which 
was  measured  at  10K.  Dj  •  Bg^_xNxTe  layer  thickness;  Dz  ■  CdTe 
layer  thickness;  n  »  numbers  of  periods;  x  =•  Cd,  Mn  or  Zn  composition 
in  BglxNxTe  layers. 


SL  System 

Type 

Sample 

X 

®1 

(A) 

d2 

(A) 

n 

(cm2V  V1) 

III 

18124 

0 

70 

45 

70 

p-2.5xl03 

III 

20539 

0.01 

82 

34 

120 

p-1.8xl03 

Hgl_xCdxTe/ 

IV 

20842 

0.08 

70 

32 

100 

p-2.5xl03 

CdTe 

I 

20943 

0.16 

70 

40 

100 

p-3.5xl02 

I 

18929 

0.23 

48 

22 

90 

p-1.3xl02 

I 

18728 

0.27 

69 

22 

100 

p-5  x  10 

III 

41880 

0.04 

168 

22 

100 

n-2.7xl04 

III 

42281 

0.05 

69 

26 

105 

n-1.5xl04 

Hgi_xMnxTe/ 

III 

4169 

0.07 

86 

14 

100 

n-5.6xl03 

CdTe 

I 

32064 

0.09 

76 

40 

150 

n  <  102 

I 

32266 

0.13 

66 

46 

150 

n  <  102 

f  4 

III 

47685 

0.011 

56 

29 

150 

p-4.7xl03 

1 

III 

49092 

0.038 

109 

37 

150 

p-3.6xl03 

f 

III 

48187 

0.064 

170 

p-5.4xl03 

1 

III 

48789 

0.077 

150 

p-6.0xl03 

}  Hgl-xZnxTe/ 

III 

48991 

0.082 

150 

p-7.6xl03 

f  CdTe 

III 

47886 

0.086 

150 

p-1.2xl04 

* 

1 

III 

48688 

0.103 

85 

30 

150 

p-2.0xl04 

[ 

I 

46982 

0.120 

150 

p-6  x  10 

Hoi*  Mobility  enhancement  ha*  alao  been  obterved  recently  in  p-type  HgTe- 

(541 

Hgj^CdjjTe  single  heterojunctlonsv  where  Hg^^CdjjTe  is  a  p-type  semlcon- 
ductor.  This  enhanceaent  was  expected  since  such  heterojunction  has  a 
Type  III  interface.  The  Hall  Mobility  at  about  30K  of  some  p-type  HgTe- 
Hg^_xCdxTe  heterojunctions  and  Hg^_](CdxTe  alloys  are  shown  in  Table  5.  The 
heterojunctions  which  contain  a  thin  layer  of  HgTe  between  the  alloy  and 
the  CdTe  buffer  layer  exhibit  higher  Mobilities  than  the  epitaxial  layers 
grown  without  any  HgTe  layers. 


Table  5.  Mobilities  of  soae  HgTe-Hg^  ^CdjjTe  heterojunctions  and  Hg^  ^Cd^jTe 
alloys  at  about  30  K. 


Sample 

X 

V.  <‘> 

pH(cm2/V  sec) 

1 

0.20 

80 

1000 

2 

0.21 

60 

1000 

3 

0.20 

70 

1200 

4 

0.28 

75 

1800 

5 

0.30 

85 

1100 

6 

0.33 

70 

1200 

7 

0.20 

0 

560 

8 

0.25 

0 

400 

9 

0.30 

0 

400 

We 

have  made 

magneto-transport  measurements 

on  both  Type  III  SLs  and 

heterojunctions  in  magnetic  fields  up 

to  22  tesla  and  temperatures  as  low 

as  0.5K 

Details 

have  been  published 

elsewhere. 

'  '  The  observation  of 

the  Shubnlkov-de  Hass  oscillations  in  BgTe-CdTe  SL  (sample  #SLI)  and 
Hg0  92^0  «gTe-CdTe  (saaple  #20842)  laplies  that  the  hole  Mobilities  are 
high.  We  have  shown  that  carrier*  are  in  the  HgTe  or  Hgj  ^CdxTe  layers  of 


I 
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the  superlattice*.  Our  result*  determined  under  Identical  conditions  at  S  25 

tesla  are  ■*  »  0.30  and  0.36,  respectively,  for  the  two  superlattices 
which  are  consistent  with  heavy-hole  effective  aasses  in  this  ternary 
alloy.  Nevertheless,  it  should  be  pointed  out  that  the  effective  mass  of 
holes  might  be  lighter  at  lower  magnetic  field  where  Ball  measurements  are 

performed.  Indeed,  a  strong  magnetic  field  dependence  has  been  observed 

(33) 

on  high  hole  mobility  and  from  the  SL  band  diagram  '  It  can  be  seen  that 
the  curvature  of  both  the  heavy  hole  and  interface  state  bands  change  much 
In  t  space. 

The  Quantized  Hall  Effect  (QHE)  has  been  observed  in  both  Type  III  p- 

type  super lattices  and  heterojunctions ,  confirming  the  existence  of  2D 

hole  gas  at  the  interface .  Fig.  13  shows  p^  and  pxy  for  a  HgTe-HgQ  72~ 

Cdg  jgTe  heterojunction  at  0.5K.  The  first  quantum  oscillation  for  p^  is 

observed  at  0.7  tesla.  Using  the  condition  pgB  «  10^  required  for  observing 

quantum  oscillation  one  can  deduce  that  pg  -  1.4  x  lO^cm^V  *s  *  l.e.,  one 

order  of  magnitude  larger  than  what  we  are  measuring  by  conventional  Hall. 

This  is  giving  credit  to  the  existence  of  multi  carriers  in  these  structures. 

The  same  phenomenon  has  been  observed  in  Hgg  ,,,Cdg  ggTe  -  CdTe  SL.  Hall 

measurement  indicates  a  hole  mobility  of  less  than  2  x  lO^cm^V  *s  *  at  0.5 

tesla  where  the  first  quantum  oscillation  is  observed  indicating  that  pg 

4  «  _l  -l 

should  be  equal  to  2  x  10  cmzV  s  This  mixed  conduction  could  explain 
the  apparent  difference  in  hole  mobilities  between  SLs  grown  directly  on  CdTe 
or  CdZnTe  substrates  and  those  grown  on  GaAs. 
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Fig.  13.  The  Pxx  and  pxy  of  a  HgTe-Hg0  72CdQ  2gTe 
hetero junction  at  0.5  K. 

The  CdTe  buffer  layer  grown  on  GaAs  could  be  responsible  for  this 
difference.  Charge  transfer  at  the  CdTe-HgCdTt.  interface  involving  deep 
traps  in  the  CdTe  buffer  layer  has  been  observed  recently. 

Concerning  the  QHE  reported  in  Fig.  13  if  the  Hall  resistance  at  2.1 


tesla  corresponds  to  i  ■  2  than  1  »  1  should  be  at  4.2  tesla  and  1  »  1/1 
should  be  at  12.6  taala.  We  observe  the  i  •  1  Quantized  Hall  Plateau  of 
about  25.820  ohaa  between  4  tesla  and  13  tesla.  Our  analysis  concluded 
that  these  features  cannot  be  explained  by  sample  lnhonogeneity  but  could 
be  explained  by  a  Magnetic  field  dependence  of  the  carrier  concentration. 

VII.  CONCLUSION 

In  this  paper  we  have  reported  on  very  recent  developaents  concerning 
the  growth  and  the  characterization  of  Hg^  ^CdjjTe-CdTe  SLs  and  related  Hg 
based  super lattice  systeas. 

These  SLs  are  now  currently  grown  on  CdTe,  CdZnTe  or  GaAs  substrates. 
The  success  of  the  epitaxial  growth  on  the  later  substrate  represents  an 
laportant  opening  due  to  the  high  crystal  quality  of  GaAs.  its  availability 
in  large  area  and  its  interest  for  electronic  devices.  The  only  concern 
with  GaAs  is  its  large  aisaatch  with  HgTe  and  CdTe  which  could  generate, 
even  after  growth  of  a  buffer  layer,  soae  residual  strain  in  the  superla¬ 
ttices. 

The  theraal  stability  of  the  HgTe-CdTe  interface  has  been  Investigated 
through  teaperature-dependent  in  situ  X-ray  diffraction  Measurements  and, 
despite  the  dispersion  in  the  results,  it  turns  out  that  the  interdiffusion 
cannot  be  neglected  for  thick  superlattices  grown  at  185*C.  This  has  been 
confined  by  probing  two  thick  superlattices  grown  on  GaAs  using  three 
different  X-ray  wavelengths.  The  softest  wavelength  produces  the  cleanest 
and  the  best  diffraction  spectrum  emphasizing  that  the  top  of  the  SL  has 
the  sharpest  Interfaces. 

A  comparison  between  the  experimental  room  temperature  bandgaps  and  the 
theoretical  predictions  from  the  envelope  function  approximation  has  been 
presented.  There  is  a  good  agreement  when  the  valence  band  offset  A  is 
taken  equal  to  40  meV.  Nevertheless,  a  systematic  discrepancy  between  the 
experimental  data  and  the  theoretical  predictions  is  observed  suggesting 
that  the  experimental  data  may  have  a  different  functional  form  than  the 
theoretically  predicted  one.  We  have  presented  an  equation  relating  Xc 
and  d}  for  HgTe-CdTe  SLs  when  d2  *  35A.  Because  the  method  of  determining 
Xc  is  rather  simple,  this  equation  makes  it  possible  to  determine  dj 
quickly  and  easily  as  long  as  d2  is  greater  than  35 k.  This  is  very  useful 
to  anyone  growing  HgTe-CdTe  super lattices,  since  in  the  absence  of  RHEED 
oscillations  it  is  difficult  to  know  the  layer  thicknesses.  This  linear 
relation  was  not  predicted  by  theory.  We  have  proposed  an  empirical 
formula  for  Xc  as  a  function  of  both  dj  and  d2 


The  value  of  tha  valenca  band  discontinuity  A  is  preaantly  disputed  both 
thaoratlcally  and  experimentally.  The  phenomenological  "common  anion 
rule"  postulates  that  A  is  smalli  i.a.  <  0.1  eV  and  this  valua  is  supported 
by  magnetooptics,  Resonant  Raman  Scattering,  IR  photoluminescence  and  IR 
tranemisslon  experiments.  On  the  other  hand,  a  much  larger  value  of  0.5 
eV  has  been  calculated  based  on  the  role  of  interface  dipoles.  XPS  experiments 
carried  out  on  single  heterostructures  HgTe/CdTa  and  CdTe/BgTe  agree  with 
a  large  value  of  0.36  sV  for  A. 

But  XPS  carried  out  on  Hg^_](CdxTa  alloys  have  shown  that  there  Is  no 
need  for  Interface  dipole  to  explain  the  large  valence  band  offset.  The  reason 
of  such  a  discrepancy  in  the  value  of  A  is  still  not  clear  eventhough 
several  hypothesia  are  currently  under  investigation. 

The  Type  III  -  Type  I  transition  has  been  investigated  in  p-type  Hg^ 
^CdgTe-CdTe  and  Hg^  ^Zn^Te-CdTe  SLs.  It  is  reported  that  the  hole  mobility 
is  drastically  enhanced  in  Type  III  super  lattices  but  also  in  Type  III 
heterojunctions.  Such  mobility  enhancement  which  is  not  due  to  modulation 
doping  as  in  the  GaAs-Ga^  ^Al^As  system  is  attributed  to  the  presence  of 
interface  statee  in  Type  III  structures.  A  comparison  between  Hall  data 
and  magneto  transport  measurement  concerning  the  value  of  the  hole  mobility 
indicates  that  multi  carriers  could  participate  to  the  transport  properties 
in  these  structures. 

The  Quantized  Hall  Effect  has  been  observed  in  these  Type  III  hetero¬ 
structures.  The  large  Hall  plateau  teen  between  4  tesla  and  13  tesla  in  a 
HgTe-HgQ  .72CdO.  2gTe  heterojunction  could  be  explained  by  a  magnetic  field 
dependence  of  the  carrier  concentration. 

All  these  recent  investigations  confirm  once  again  the  specific  and 
fascinating  character  of  these  novel  microstructures. 
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